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Preface 



Microreaction technology is the logically consistent application of microsystem 
techniques in chemical reaction and process engineering. Miniaturization in this 
field is the strategy of success and requires the development of small, inexpensive, 
independent and versatile chemical reaction units. Microreaction technology is at 
present regarded as one of the fastest evolving and most promising disciplines in 
chemical engineering, combinatorial synthesis and analysis, pharmaceutical drug 
development and molecular biotechnology. A broad range of microstructurable 
materials is a prerequisite for microreaction technology and the development of 
microreactors goes hand in hand with the availability of a number of modem, 
versatile microfabrication technologies. Today, it is possible to manufacture three- 
dimensional microstructures, almost without any restrictions with regard to design 
and choice of suitable materials, for various chemical applications - just in time to 
support the development of functional units for microreactors, e.g. micromixers, 
micro heat exchangers, micro extractors, units for phase transfer, reaction cham- 
bers, intelligent fluidic control elements and microanalysis systems. 

The advantages of microreactors, e.g. the use of novel process routes, the re- 
duction of reaction byproducts, the improvement of 'time to market', the high 
flexibility for all applications requiring modular solutions, have had a strong im- 
pact on concepts of sustainable development. Many of the leading companies and 
research institutes in the world have recognized the tremendous possibilities of 
microreactor concepts and of their economic potential, and have thus initiated 
worldwide research and development activities. 

In order to promote this rapidly expanding field, DECHEMA, the German So- 
ciety for Chemical Apparatus, Chemical Engineering and Biotechnology and 
IMM, the Institute of Microtechnology Mainz, organized the 1st International 
Conference on Microreaction Technology which took place from February 23 to 
25, 1997. The conference was an extremely successful forum for the exchange of 
ideas on design, production and reaction engineering aspects as well as on the 
applications of microreactors in combinatorial chemistry, drug development, bio- 
technology, chemical analysis and diagnosis. Furthermore, during the conference 
it became evident how fast the development in this field is and that the number of 
successful applications is currently exploding, even if microreaction technology is 
still considered to be in its infancy. It was a logical, unanimous decision to hold 
the follow-up event next year in the form of a satellite symposium on microreac- 
tion technology as part of the 1998 spring meeting of AIChE in New Orleans. 

The present book comprises the proceedings of the 1997 conference. It is meant 
to show at a glance the state of the art in microreaction technology - to scientists 
and researchers from industry and academia who are all in need of smaller, safer 
and more flexible tools for the production of chemicals and pharmaceuticals. We 
thank all the contributors to this conference and hope that the book, like the con- 
ference, will stimulate research and development activities in microreaction tech- 
nology. 

September 1997 



G. Kreysa (DECHEMA) 



W. Ehrfeld (IMM) 
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Part 1: 

Reaction Engineering Aspects of 
Microreaction Systems 




Reaction Engineering for Microreactor Systems 



K. F. Jensen, 1 1-Ming Hsing, 1 R. Srinivasan, 1 M. A. Schmidt 2 

Massachusetts Institute of Technology, Departments of Chemical 1 and Electrical 
Engineering, 2 and Microsystems Technology Laboratory 2 
Cambridge, MA 02139, USA 

M. P. Harold, J. J. Lerou, and J. F. Ryley, 

DuPont Company, Central Research & Development 
Experimental Station, Wilmington, DE 19880, USA 



Finite element simulations of two- and three-dimensional fluid flow, thermal fields, 
and chemical species concentrations in microfluidic devices are presented as a 
means for obtaining accurate predictions of microreactor performance. The 
chemical reaction engineering methodology is illustrated with case studies of a 
prototype microreactor for partial oxidation reactions. Platinum catalyzed 
ammonia oxidation serves as a demonstration chemistry. The reactor simulations 
are in excellent agreement with experimental observations. The results also mirror 
observed ignition-extinction behavior by revealing that ignition occurs 
downstream and the reaction front subsequently travels upstream due both to heat 
conduction and the presence of fresh reactants upstream. The utility of the 
simulation strategy in the design of microfluidic devices for chemical reactions is 
exemplified with a case study of placement of thermal shunts to control the shape 
of the reaction front. 

Keywords: partial oxidation, finite element simulations, ignition, extinction 



1. Introduction 

The application of microfabrication concepts to chemical reactor technology has 
been identified as having a number of potential advantages for chemical process 
development and operation. (Benson and Ponton, 1993; Lerou et al., 1996; Lerou 
and Ng, 1996). Microreactors can serve as efficient development platforms by 
allowing process optimization of a single unit and subsequent scale-up by 
replication. The ability to integrate control, sensor, and reactor functionality offer 
additional advantages over the current complex, multi-unit pilot plant 
environment. Microfabricated reactors can also provide opportunities for point-of- 
use generation of chemicals needed in small, high purity amounts, or of hazardous 
chemical intermediates with storage and transportation restrictions. 

Chemical reaction engineering simulations, in conjunction with experiments, can 
play a critical role in the development of a microreactor technology by providing 
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analysis of specific microchemical reactor systems, design of new systems, and 
evaluation of potential performance advantages relative to conventional 
macroscale chemical reactors. Simulation of microchemical systems is helped by 
the small dimensions, which means that diffusion processes will be of similar 
magnitude, or larger than convection. As a result, turbulence and natural 
convection driven flow instabilities are unlikely to occur in microreactors, and 
simulation strategies for laminar flows will apply. On the other hand, the need for 
predicting temperature distributions in the solid, as well as the fluid portions of 
microchemical devices, raises challenges in terms of handling multiple length 
scales and complex geometries. 

Towards the goal of providing physically realistic simulations of microchemical 
systems, we present a finite element (FEM) based strategy with examples drawn 
from partial oxidation reactions. These reactions are interesting candidates for 
application of microchemical systems, since they typically have short reaction 
times, are limited by heat transfer considerations, and produce important 
intermediates and products. The highly exothermic nature of the reactions and the 
potential for complete oxidation to C0 2 and H 2 0 make them highly sensitive to 
feed concentrations, temperature, and external cooling efficiency. The increased 
heat transfer and wall quenching characteristics of microreactors thus introduce the 
potential for new and improved process conditions, generally not accessible in 
conventional reactors because of the danger of runaway reactions. 



2. Finite Element Simulation Approach 

The FEM approach builds on previous simulation experience with 
semiconductor fabrication processes at both the wafer and feature scale level 
(Jensen et al., 1996; Merchant et al . , 1996; Sirnka et al . , 1996). In order to handle 
the strong coupling between energy transfer and chemical kinetics inherent in 
partial oxidation reactions, the method goes beyond previous microfabrication 
simulations (Senturia, 1995) by including the simultaneous solution of momentum 
energy, and species mass conservation equations for both fluid and solid regions. 
In this way it becomes possible to predict not only gas-phase characteristics, but 
also temperature distributions in reactor walls and membranes. 

The methodology process incorporates a general three-dimensional mesh 
generation program to enable direct translation from reactor geometry to a 
simulation mesh, where each surface element carries appropriate attributes; e.g ., 
silicon reactor wall, silicon nitride membrane, platinum heater. This ability to 
model actual geometries, as opposed to idealized reactor geometries, is critical to 
the development and evaluation of micro-reactor designs and applications. 
Temperature and composition dependent gas mixture transport properties, such as 
diffusion coefficients and viscosities, are included in the problem formulation. 

A mixed FEM approach is used in which velocity, temperature, and 
concentration fields are approximated by piecewise continuous quadratic 
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Lagrangian polynomials, and the pressure is described by piecewise linear 
polynomials. The large set of nonlinear equations resulting from the FEM 
discretization procedure is solved by Newton’s method augmented with a pseudo- 
arc-length continuation scheme for handling ignition and extinction phenomena 
(Fotiadis et al . , 1990). Simulation of a two-dimensional representation of a 
microchemical reactor system typically involves 10,000-15,000 unknowns, and 
three-dimensional simulation raises the number of unknowns to 70,000-100,000, 
depending on the complexity of the chemical system under investigation. Because 
of the nonlinear nature of the equations, continuation from a known solution is 
usually needed to obtain a converged solution for a particular set of process 
conditions. 



3. Physical system 

The developed simulation methodology is demonstrated with case studies of a 
prototype microreactor shown in Figure 1 (Srinivasan et al ., 1996). This system 
consists of a T-shaped channel for gas-flow etched in a silicon wafer. The channel 
is capped from the top by a 1pm thick silicon nitride membrane, and sealed from 
the bottom by an aluminum plate having an outlet and two inlet holes. On top of 
the silicon nitride membrane, deposited thin film platinum metal resistors 
separately serve as flow sensors, heaters, and temperature sensors. The reaction 
zone also has a thin film of catalyst deposited on the membrane inside the channel. 
The reactants enter the microreactor, diffusively mix at the entrance to the reaction 
zone, react on the heated thin film catalyst, and exit at the end of the reaction zone. 
Reactants are introduced through an o-ring sealed feed-through chuck, and flow 
rates are maintained externally using mass flow controllers. Electrical contacts to 
the on-chip heaters and temperature sensors are made using a probe-card, and the 
composition of the reactor exhaust is monitored using a quadrupole mass- 
spectrometer. 

Platinum catalyzed ammonia oxidation serves as a model partial oxidation 
chemistry for demonstrating the microreactor and the associated reaction 
engineering analysis. This particular reaction is relatively well understood (Pignet 
and Schmidt, 1975; Hickman and Schmidt, 1991) and displays series-parallel 
reaction pathways that allow investigation of general conversion and selectivity 
issues in microchemical systems. Moreover, ammonia oxidation exhibits ignition 
and extinction phenomena characteristic of partial oxidation reactions. The 
following four reaction steps are included in the simulations and the rate for each 
step is represented by an overall Langmuir-Hinshelwood rate expression, as 
originally proposed by Hickman and Schmidt (1991). 

NH 3 +j0 2 ->NO + |h 2 0 (1) 

NH, +— NO — N 2 +-H 2 0 
3 2 4 2 2 2 



( 2 ) 
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nh 3 -»|-n 2 +|h 2 

no->-n 2 +-o 2 
2 2 2 2 



(3) 

(4) 
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Figure 1. Schematic of T-shaped microreactor. A: Top view, B: End-on cross-section of 
reaction channel, C: Side-view cross-section of reaction channel. 



4. Simulation Examples and Comparison with Experimental Data 

Simulation of heating of a flowing oxygen stream in the absence of ammonia 
serves to demonstrate that accurate finite element predictions of fluid flow and 
temperature distributions may be obtained with the FEM technique (see Figure 2). 
The reactor simulations are in excellent agreement with experimental observations, 
with no adjustable parameters in the computations. The method predicts data from 
temperature sensors located along the heater unit, and displays effects of 
convective heat transfer by the upstream temperature being lower than that of the 
downstream location. 

Three-dimensional simulations shown in Figures 3 and 4 reveal that the 
microreactor bulk silicon is an efficient heat sink. Its high thermal mass, in 
combination with the relatively low thermal conductivity silicon nitride membrane, 
localizes the hot-zone to the membrane and the adjacent gas, while the channel 
walls remain at room temperature. This behavior is desirable for partial oxidation 
reactions. While it could have been anticipated from the physical situation, the 
model simulation provides the quantitative information needed to confidently and 
safely begin to implement chemical reactions. The cross-sectional view (Figure 4) 
further shows that the gas becomes hot only in a small region adjacent to the 
heater. Thus, heterogeneous reactions would be expected to dominate and gas- 
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phase free radical reactions, that could lead to run-away conditions, would be 
absent. The asymmetry of the isotherms and their displacement towards the 
downstream region is evidence for convective heat transfer effects in the 
microreactor channel. 




Heater Power (mW) 



Figure 2. Comparisons between on-reactor-temperature-sensor-measurements (broken line) 
and simulations (solid line). X upstream sensor, downstream sensor. Conditions, 25 
std. cm 3 /min of oxygen at 1 atm pressure. 




Figure 3. Temperature isotherms on the silicon nitride membrane below the 
third heater unit. Conditions, as in Figure 2. 
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Figure 4. Temperature isotherms in the flow channel underneath the 
third heater unit. Conditions as in Figure 2. 

In the actual ammonia oxidation experiments, temperatures were monitored at 
the upstream and downstream sensor locations as a function of power input to the 
third platinum heater unit. When the upstream sensor reached ~200°C, ignition 
occurred with a resulting large temperature increase, and NO and N 2 production 
was detected in the quadrupole mass spectrometer. Ignition took place towards the 
back of the heater segment, and the ignition front subsequently traveled quickly 
upstream to the entrance region of the heater segment. Consequently, higher 
temperatures were established upstream than downstream. The movement of the 
ignition front is a function of the flow rate in the channel, with the phenomenon 
being most prominent at low flow rates. 

Reaction engineering simulations of the underlying physical chemical rate 
processes provides physical insight into the behavior by showing that the upstream 
movement of the ignition front is caused by the combined effect of axial heat 
conduction in the membrane, and the presence of fresh reactants upstream (see 
Figure 5). The simulations further show that before ignition, the temperature 
profile on the silicon nitride membrane is broad, with a peak shifted towards the 
downstream end of the heater segment. After ignition, the temperature increases 
and a sharpened peak moves up to the entrance of the heater. Predicted 
temperatures in the sensor locations are in good agreement with the experimental 
measurements. The small deviations between data and computations may be 
attributed to the kinetic parameters for ammonia oxidation having been obtained at 
much lower pressure (~0.1 Pa) conditions (Pignet and Schmidt, 1975) than those 
used in this work (~10 5 Pa). In fact, the result suggests that improved reaction 
parameters could be obtained by using the microreactor as a test station to conduct 
kinetic experiments. 

As the final example, we illustrate the use of reactor simulations to guide the 
design of microreactors with improved heat transfer characteristics. In this case a 
thin high-conductivity layer, a thermal shunt of silicon, is deposited near the 
beginning of the heater with a resulting decrease in the upstream temperature (see 
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Figure 6). Such effects could potentially be used to pin the location of the reaction 
front and avoid excessive temperature excursions. 




0 1 2 3 4 5 6 

Distance along flow channel (mm) 

Figure 5. Temperature along the silicon nitride membrane in the flow direction at ignition 
(O), steady state reaction (x) and extinction condition (A). Open points represents 
temperature measurements prior to ignition, solid data points are from after ignition. 




Channel length (mm) 

Figure 6. Effect of placing a thermal shunt on 
the temperature profile along the membrane 
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5. Conclusions 

The preceding examples have shown that physically realistic reaction engineering 
models can provide accurate simulations of microreactor behavior. The FEM 
approach predicts temperature data from temperature sensors located along the 
heater unit. The computations furthermore reflect observed ignition-extinction 
behavior by demonstrating that ignition occurs downstream, and the reaction front 
subsequently travels upstream due both to heat conduction in the membrane and 
the presence of fresh reactants upstream. The utility of the reaction engineering 
simulation strategy in the design of microfluidic devices for chemical reactions is 
also exemplified by the placement of thermal shunts to control the shape of the 
reaction front. This good agreement between simulated and observed data 
supports the use of reaction engineering analysis and design tools in evaluation, 
scale-up, and application of microchemical systems, as well as the potential use of 
microchemical systems to find reaction rate parameters. 
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Abstract 

Since the author proposed the concept of a miniaturised plant in 1993 [1] 
a number of developments have taken place in terms of both experimental 
evaluation and concepts. 

We briefly review the original idea of the miniature plant, and discuss how 
ideas on the miniaturisation of one candidate process, hydrogen cyanide, have 
developed. 

A somewhat different concept, that of the disposable miniature batch plant 
is also discussed, and finally a hypothetical semibatch process for the manu- 
facture of hydrogen fluoride is described. 



1 The Miniature Plant Concept 

The rationale for miniaturised, distributed manufacturing discussed in [1] 
may be briefly summarised as follows. 

Distributed manufacturing can result in ‘just in time’ production at the point 
of sale, with potential economic advantages, and also, in particular, increased 
safety by eliminating the transport of hazardous materials. 

Small scale further results in reduced inventory of hazardous chemicals. 

The principle of economies of scale is not contravened, but the economy now 
results from the scale of manufacture of a large number of plants, rather than 
is large scale of equipment. 

Attempts to develop the concept have identified a number of problems. 
Firstly, while smaller scale reduces the unit cost of the plant, it does not 
reduce that of instruments and transducers. 

Secondly, simply translating the flowsheet of a typical continuous plant to 
smaller scale usually results in a design whose general complexity too high for 
off-site equipment operated away from specialised maintenance and support. 

The following observations shed light on the second of these points. In gen- 
eral, a process is more than a reactor. In fact, in large scale continuous plant 
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reactor performance is often less than critical since recycle is the key to ob- 
taining high final conversion of feeds to product. As a result, the greatest 
complexity in the process often lies in the separation and recycle systems. 

As an example, consider the manufacture of anhydrous hydrogen fluoride 
from fluorospar: 

CaF 2 + H 2 S0 4 -> 2HF + CaS0 4 
AH « 87 kJ/mol 

The classic flowsheet for this is shown below. 




Figure 1: Outline flowsheet of a typical large scale continuous HF process 

This process should be a good candidate for distributed manufacturing, since 
HF is highly toxic and so its transport should be avoided, and it is in many 
cases required in relatively small quantities, e.g. in the electronics and oil 
extraction industries. However, a conceptually very simple reactor (a rotating 
drum in which the reactants are heated and HF gas is produced, is followed 
by a rather complex separation sequence. Obtaining a good conversion of 
fluorospar depends crucially on recycling an excess of sulphuric acid. The 
reactor itself could be quite easy to reproduce on a smaller scale, but the 
solid, liquid and gas separation and recycle system would not. 

We will return to this process later, but will first consider how another process 
proposed for miniaturisation has been developed. 



2 Example 1: HCN Manufacture 

The original proposal [1] followed the most commonly used commercial An- 
drussow route: 

CH 4 + NH 3 4- 1.50 2 -> HCN + 3H 2 0 
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AH » -600 kJ/mol 

A straight reduction in scale of the commercial plant, with minimal alteration 
would result in the flowsheet below. 

The recycle and separation system is too complicated, but by using a large 
excess of methane used to ensure high ammonia conversion it can be simpli- 
fied. The resulting plant is not thermally efficient. The economics of large 
scale manufacture make it essential to recover all the energy potentially avail- 
able from the feedstocks. However, on a small scale the loss of this can be 
accepted as of less significance than gains in safety and flexibility. 

There is however, an alternative chemistry for HCN manufacture, which form 
the basis of the much less used Degussa process: 

NH 3 + CH 4 -> HCN + 3H 2 

AH » 250J U/mol 

This process is normally unattractive on a large scale due to the need to 
provide the large heat of reaction at a high temperature, unless the hydrogen 
can be used as an energy source (for its combustion, AH « 241 kJ/mol), or 
better still sold. 

However, as noted, for miniature plant the exothermic heat of reaction cannot 
easily be recovered anyway. 

This process was investigated in [3] as a miniature plant using radio frequency 
heating, leading to a very simple process with high reactor conversions. 

A addition to the proposal of [3], shown in the flowsheet below, would be 
the use of a hydrogen fuel cell to recycle energy. Note also the use of a 
semiconductor Peltier-effect cooling unit. This is a device developed for the 
electronics industry, and here removes the need for a liquid cooling utility. 

Finally, experiments also suggested the re-evaluation of another route not 
used commercially for several decades: 

NH 3 4- C HCN + H 2 

AH » 175 kJ/mol 

This leads to a still simpler flowsheet, as the reaction is less endothermic and 
there is less hydrogen byproduct, so this can probably just be be burned is a 
small ‘flare’. 

Notice that both processes are semibatch, and that reactor conversion of 
better than 90% are obtained. 




13 



AMMONIA 




'*» Energy Flow 



Material Flow 




Figure 2: (a) Original flowsheet for miniature continuous HCN plant, and 
(b) modification to simplify separation and recycle 
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Figure 3: (a) Miniature batch HCN plant using the Degussa route, and (b) 
with solid carbon feedstock 
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2.1 Further Observations 

We can conclude this section with the following observations. In develop- 
ing from standard large scale continuous plant to a miniaturised process we 
should: 

• Refocus on reaction technology 

• Simplify separation 

• Avoid recycle (except of electricity) 

• Use electrical heating and cooling 

• Devise robust equipment which will avoid maintenance 

• Consider semi-batch operation with solid feed or product 

3 The Disposable Batch Plant 

In this section we address a somewhat different problem and describe a some- 
what different approach to process miniaturisation. 

The problem addressed is that of manufacturing highly active products which 
must be isolated from process workers and the environment. These are cur- 
rently produced in small quantities in expensive, multiproduct plant with 
severe decontamination problems. 

The products have such a high value that the cost any plant can become 
almost insignificant in comparison. 

One objective of miniaturisation was the distribution of the production plant 
to the customer’s site. This is not really appropriate to the manufacture of 
highly bio-active materials, which are better contained in places where they 
can be controlled by those with appropriate experience and equipment. 

Our proposed solution is to use a very small scale single product plant which 
will be used only for a single campaign or even single batch. The cost of this 
plant should be low compared to product value. In particular, there will be 
no need to clean, and we can dispose of plant safely after use. 

The model for this approach is the way in which nature works. 

Nature provides many examples of highly sophisticated chemical manufacture 
carried out in equipment that, by the standards of the chemical industry, 
would be regarded highly unlikely and unsafe. 

Organisms and animals can be thought of as chemical plants for manufac- 
turing a highly complex product, i.e. more animals. These plants have a 
number of notable characteristics. They are typically batchwise in operation. 
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They have a limited lifetime and being made of disposable and recycleable 
materials. These materials of construction are also invariably nonmetallic, 
even their highly sophisticated instrumentation, and flexible. In general they 
do not require internal cleaning, nor repair or maintenance. 

Manufactured pharmaceutical products are also made in batch plants. By 
contrast with nature, a major issue is their cleaning and decontamination. 
As products become more active this problem increases. However, a corres- 
ponding reduction in the required scale of manufacture raises the possibility 
that the plant might become a ‘one-shot’ product, made from relatively cheap 
materials, used for a single batch, and then disposed of along with any waste 
products. 

The plant can be made of relatively cheap materials. Although most plastics 
have poor long term chemical resistance properties, if an appropriate ap- 
proach to the design of the plant artifact is adopted, they should be accept- 
able for the limited lifetime required. Very sophisticated shapes may easily 
be formed in plastic material. Modern flexible computer-aided manufactur- 
ing methods also enable small runs of special structures to be produced with 
short lead times at moderate cost. 

Moving material through the plant should ideally be accomplished without 
the use of pumps which require to come in contact with chemicals. One, way 
to achieve this is by the use of peristalsis, the external drive mechanisms being 
reusable. Alternatively the plant can be designed for gravity feed, because it 
is small, the direction of gravity may be changed by raising and turning the 
plant. Combining this later approach with sophisticated computer designed 
shapes offers the possibility of a plant with no moving parts, except for the 
whole plant itself. 

The provision of heating and cooling utilities will require rethought for this 
type of plant. Most plastics are unsuitable for high temperature heat transfer 
surfaces, and have poor thermal conductivity. Hot surfaces can however be 
avoided by the use of radio frequency heating, as with the HCN process de- 
scribed above. In cooling, low heat transfer coefficients may be compensated 
for by use of larger driving forces. Either conventional refrigerated coolants 
or semiconductor Peltier-effect cooling units developed for the electronics 
industry might be used. (One of these also appeared in the final HCN flow- 
sheet.) 

While the plant itself can be cheap, instrumentation required is likely to be 
both sophisticated and expensive. Two approaches can be used in combina- 
tion. Sophisticated non-invasive techniques use equipment which never comes 
in contact with chemicals. The high cost of an NMR unit, for example, can 
be justified as it will be used for a whole range of processes and products 
at different times. In addition, low cost disposable sensors of the sort used 
in medical applications are now becoming very sophisticated. These can be 
used where contact with chemicals is required. 
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3.1 Concept: The Table- Top Pipeless Plant 

This idea was discussed at greater legth in [4], where the table-top pipeless 
plant layout shown below was proposed. An overhead gantry robot moves 
the plant items from station to station. 




Figure 4: Table-top pipeless plant with gantry robot 

Although not strictly a high value product, the concept could be applied to 
a disposable plant for ethanol manufacture. Bootleggers could easily manage 
to incinerate the plant (and the evidence) before the revenue men moved in! 
For a complete description, see [2]. 

The main unit, constructed from PET, consists of a fermenter /stillpot, 1, 
topped by a packed column section, 2, and a partial reflux condenser, 3. 
There is a separate product condenser 4, and a removable and sealable 
product receiver, 5. 



4 A Semi-batch Process for Distributed HF 
Production 

Having considered both batch and semi-batch technology, and disposable 
plant, we return finally to the HF process to propose a distributed solution 
to this manufacturing problem. 

We note that part of the complexity of the separation process lies in the need 
to produce anhydrous HF for storage and transport. In fact, many customers 
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Figure 5: Disposable batch ethanol plant 

actually require an aqueous product, and immediately dissolve the anhydrous 
material they have purchased. 

Further complication results from the continuous feed, separation and re- 
moval of solids. This can be eliminated in a semibatch plant where the solids 
remain in place, and the plastic reactor, with contaminated solid byproduct, 
is safely disposed of after use. 

While sulphuric acid conversion might be relatively low, this is the cheaper 
reactant, and like lack of energy recovery, may be acceptable on a small scale. 
Although the mechanism of this apparently simple reaction system is not 
actually well understood, there is some evidence to suggest that microwave 
heating could deliver the energy closer to the reaction zone and improve yields 

For a production 20kg of HF as aqueous solution at 0.6kg/hr a lkW mi- 
crowave heater would be required. With a reactor charge 30kg fluoride, 50kg 
acid, reactor volume would be 0.04m 3 giving a plant ‘footprint’ of about 
0.5m 2 , and weight of about 120kg with chemicals. 



5 Summary of Conclusions and Disclaimer 

Low cost ($10-$ 100 per unit) plants could be constructed for high value 
products, making use of plastic materials and simple sensors and actuat- 
ors. Even medium value hazardous products might be manufactured in such 
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Figure 6: Miniature semi-batch HF plant with disposable reactor 
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plants. 

Processes should be developed to try to simplify separation and avoid re- 
cycles, except of electrical energy. This will probably require focussing on 
high conversion reactors, and ‘old fashioned’ chemical routes may be worth 
revisiting. 

Other ideas include the use of electrical heating and cooling techniques, and 
low cost, noninvasive instrumentation. 

Higher value products could justify sophisticated instruments and a robot- 
based ‘pipeless’ approach. 

These ideas are intended to stimulate interest and discussion. None of them 
have been tested by this author, although [3] is based on experimental work. 
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Abstract. Microreactors represent a novel approach for chemical processing. In this 
study a monolithic microreactor having channels in micrometer dimension and 
regular pores in nanometer scale has been developed. The microreactor was tested 
in the partial hydrogenation of cyclododecatriene to yield cyclododecene. In 
addition, several particle bed reactors were tested, in order to establish advantages 
and the superiority of the monolithic microreactor. 

Keywords. MicroChannel reactor, regular pore system, selective hydrogenation 

1 Introduction 

The heterogeneous catalysis is often the only feasible and/or efficient way for the 
production of organic intermediates. New types and new generations of solid 
catalysts are all along being introduced to increase the reaction rate of both, existing 
and new chemical reactions. 

Different reactor concepts using fixed beds, moving or fluid beds have been 
developed and used industrially for almost a century. Novel type reactors are such 
which use monolithes, but they play an increasingly important role in the efforts to 
improve the environment in particular by decreasing the emission of harmful 
exhaust gases. Although a number of studies have been devoted to the selective 
formation of organic intermediates for instance by partial oxidation or 
hydrogenation using monolithic catalysts or monolithic reactors made of ceramic 
material it is not, until recently that sufficient high yields have been achieved. Some 
of the reasons are the temperature distribution along and at right angles to the 
reactor axis and the lack of radial mixing because of the laminar flow in the 




21 



channels having millimeter dimensions. 

By contrast, our research was focused on the development of a monolithic 
microreactor made of metal having channels in micrometer scale. In this manner, 
shortening the diffusion time of the molecules to the channel walls and improving of 
temperature distribution is expected. Finally, the partial hydrogenation of cis, trans, 
trans-l,5,9-cyclododecatriene in the monolithic microreactor was investigated and 
the results were compared with them achieved on several particle bed reactors. 

2 Development of a monolithic microreactor 

The basic parts of the microreactor were aluminium foils, mechanically 
microstructured and compressed to a foil stack. This technique was developed by the 
Forschungszentrum Karlsruhe [1,2]. The geometric surface area and the surface area 
to volume ratio of the stack of microstructured foils were to low for heterogeneously 
catalysed reactions in order to convert the reactands sufficiently. This has been 
shown in the partial oxidation of propene using microstructured copper foils [3]. As 
a consequence, microstructured aluminium foils were used in this study and the 
surface was modified resulting in a drastically increased surface area which should 
also be able to act as support for catalytically active components. For achieving this 
goal the anodic oxidation of the foils in aqueous oxalic acid was carried out using 
the experimental setup shown in Figure 1. During a relatively short anodization time 




Fig. 1 Experimental setup of the anodization apparatus; a microstructured foil as anode, b 
aluminium plate as cathode, c constant-voltage power supply, d elektrolyte pump, e heat 
exchanger of a cooling device. 
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Fig. 2 Scheme of the anodically formed oxide layer according to the proposed model by 
Keller et al. [4] 



the all-round formation of a thin oxide layer of A1 2 0 3 takes place. Figure 2 shows a 
scheme of the structure of an anodically formed oxide layer which contains a regular 
pore system [4]. This is adequate specified by three parameters, viz. pore density, 
pore diameter and pore length. The pore diameters are in the range of some ten 
nanometers. 

These parameters depend on the conditions of the anodization and for that reason 
they are determinable in advance. A schematic presentation of a microstructured foil 
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Fig. 3 Schematic presentation of a microstructured foil; a) cross section (top) and top view 
(bottom), b) magnified parts of cross sections before (top) and after (bottom) anodic oxida- 
tion. 
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is depicted in Figure 3. The foil is structured over the whole width A of 8,5 mm and 
the length B of 30 mm which is equal to the channel length (Fig. 3a). Magnified 
sections of microstructured foils before and after the anodic oxidation are shown in 
Fig. 3b. The sectional area (D x C) of the micro channel is about 200 x 200 pm 2 and 
the oxide layer thickness (G) in the range of 20 to 40 pm. The formed porous oxide 
layer is treated by several rinsing, drying and thermal operations followed by an 
impregnation step using a Pd precursor solution and some aftertreatments [5]. The 
so treated microstructured foils were characterized by regular pore systems carrying 
palladium as hydrogenation active metal which is evenly distributed over the entire 




Fig. 4 Scheme of a stack of microstructured and anodic oxidized foils and a cross section 
showing the combination of micro-and nano-structures 



pore length. Finally, the foils were piled up to a stack whereby the monolithic 
microreactor was created. Fig. 4 shows schematically the stack of foils which 
represent the heart of the monolithic microreactor as well as a part of a magnified 
cross section visualising the combination of the microstructure of the channel 
system with the nanostructure of the pore system. The former system is appropriate 
in particular to the convective gas flow and the latter to the diffusive mass transport 
to and from the catalytic active sites. Therewith, not only the surface area but also 
the surface to volume ratio of the treated foils and the foil stack too, were drastically 
increased. The factor of increasing can be realized in the range of 10 4 to 10 5 . The 
complete monolithic microreactor is depicted in Fig. 5. Foil stack, diffusors, and 
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connectors are the main parts of the microreactor, equipped with radial moveable 
thermocouples in the foil stack center and a surrounding temperature controlled 
electrical heating system [6]. 




Fig. 5 Scheme and photograph of the monolithic microreactor 



3 Partial hydrogenation of cis, trans, trans-l,5,9-cyclododecatriene 

The hydrogenation of cis, trans, trans-l,5,9-cyclododecatriene to yield the 
corresponding cyclic monoene was investigated under constant conditions of 393 K, 
1 10 kPa total pressure nitrogen and partial pressures of 0,1 1 kPa hydrocarbon and of 
0,33 kPa hydrogen [7]. The reaction scheme, given in Fig. 6, shows the sequence of 
the consecutive hydrogenated cyclic products starting with the triene (CDT) via 
diene (CDD) and monoene (CDE) to the thermodynamically stable saturated cyclo- 
dodecane (CDA). Cyclododecene as the desired product might be of interest in 
manufacturing several products of industrial potential, e.g. nylon or 
polyalkenameres. The hydrogenation of CDT is a reaction with temperature 
sensitive selectivity and needs kinetic controlled conditions yielding CDE as major 
product and diminishing formation of the most stable CDA. These requirements 
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were fulfilled by the monolithic microreactor to a great extent. The hydrogenation 
experiments were additionally carried out in fixed bed reactors using catalyst 
particles. For that, two types of catalysts were used: firstly small pieces of micro 
structured aluminium foils and cylinders of aluminium wires, all of them anodically 
oxidized and covered with palladium as the foils of the microreactor and secondly 
industrial produced granules having a Pd enriched non regular shell about five times 
thicker than that of the anodic oxides. The hydrogenation of CDT gave yields to 
CDE of 62, 74, 86 and 90 % at overall conversions of 80, 90, 95 and 98 %, 
respectively using granules, foil pieces, cylinders and the monolithic microreactor 
[ 6 ]. 
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Fig. 6 Reaction route of the hydrogenation of cis, trans, trans-l,5,9-cyclododecatriene; 

T = 393 K, p = 110 kPa; partial pressures: CDT: 0,1 1 kPa, H 2 : 0,33 kPa 

4 Conclusions 

The above results clearly demonstrate that the uniformity of the catalyst bed and the 
regular pore system of the catalysts are decisive for the hydrogenation 
characteristics. This is shown by an increase of the yields to CDE with increasing 
uniformity of the catalyst bed, viz. granules < pieces of foils < cylinders < 
monolithic microreactor. Furthermore, the higher CDE yields the higher the degree 
of conversions which is a very important criterion concerning the expense of the 
product separation. 
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Abstract. An electric propulsion system with a methanol reformer, a 
catalytic burner, a gas cleaning unit and Proton-Exchange Membrane Fuel 
Cells (PEMFC) is described. Based on experimental data for methanol 
steam reforming criteria are developed for a microreactor system. 

Keywords. Fuel cell drive, methanol, microreactor, steam reforming. 



1 Introduction 

Worldwide there are several development programmes and demonstration 
projects concerning the use of Proton-Exchange Membrane Fuel Cells 
(PEMFC) in passenger cars. Among the energy conversion processes for 
drive systems, electrochemical energy conversion processes show 
advantages in many respects. These high-efficiency conversion and 
storage systems include batteries as well as fuel cells. Batteries however, 
have significant disadvantages compared to internal combustion engines 
(ICE) in terms of cost, lifetime and range. On the other hand, there are 
significant advantages such as non existent local emissions in comparison 
to drive systems with combustion engines [1, 2]. A methanol steam 
reforming system in connection with a catalytic burner, a gas cleaning 
system, together with a PEMFC and an electric motor offers attractive 
options: ranges and power are comparable to conventional systems while 
overall emissions (full fuel cycle) are lower as with battery and ICE 
systems. However, electric drive systems with PEMFC must compete with 
existing internal combustion engines with respect to volume, weight and 
costs. 

This contribution will focus on the conceptual design of a drive system 
for passenger cars using microreactors for the steam-reforming of 
methanol. In section 2 the configuration of a fuel cell drive system is 
presented and the demands concerning weight will be considered. In 
section 3 the stationary and the dynamic performance of a commonly used 
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plug-flow reactor is discussed. The demands on a microreactor system are 
defined taking into account certain disadvantages of conventional 
reactors. 



2 Fuel Cell Drive 

2.1 Configuration of a Fuel Cell Drive System 

The block diagram of a fuel cell drive system is given in Fig. 2.1. A 
hydrogen generating system consisting of a methanol reformer, a catalytic 
burner and a gas cleaning unit is combined with a PEMFC and an electric 
motor. This concept combines the components of an electric drive with 
the storage potential of a liquid energy carrier. The operating range is 
given by the capacity of the methanol tank as in the case of internal 
combustion engines and is comparable for the same tank size. 
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Fig. 2.1. Passenger car with fuel cell drive 



Liquid methanol from the tank and is mixed with water coming from the 
fuel cell. A fuel pump delivers the methanol/water mixture into an 
evaporator where it is heated, evaporated and superheated. The vapour is 
then passed into a reformer where a heterogeneously catalyzed 
endothermic reaction takes place reforming methanol/water into a 
hydrogen-rich synthesis gas (H 2 , CO, C0 2 ). The heat requirement of the 
reformer during operation is provided by the catalytic combustion of the 
exhaust gas of the anode side of the fuel cell and the purge gas coming 
from the gas cleaning unit. The reformer product gas has to be cleaned of 
CO and residual methanol in order to avoid poisoning of the anode 
catalyst in the fuel cell. The PEMFC (approximately 80 °C) converts 
chemical energy into electric energy which is used by the electric motor. 
The mechanical power of the electric motor is transmitted to the wheels of 
the car. In addition, a gas storage system delivers hydrogen during severe 
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accelerations caused by the inertness of some components in the gas 
generation system. The start-up phase of the system is carried out by 
combustion of methanol until all the components have reached their 
operating temperature and full power. During start-up (currently 
3 minutes) the required hydrogen should be taken from the gas storage 
system. The waste heat of the fuel cell can be used to preheat the 
methanol/water mixture during operation and for air conditioning of the 
passenger compartment. 



2.2 Fuel Cell Drive System’s Demands Concerning Weight 

Electric propulsion systems with PEMFC have to compete with internal 
combustion engines with respect to volume, range, costs and weight. 
Comparing both systems concerning the weight at the present state of 
development it appears that with 1000 kg total weight of a 57 kW car the 
conventional drive system has a weight of 180 kg (3.1 kg/kW); whereas 
the fuel cell drive has currently a calculated weight of 627 kg 
(11 kg/kWei). Analyzing these data for the PEMFC system more in detail 
2.5 kg/kW e i are occupied by the H 2 -supply as a near-term goal and 
6 kg/kW by the fuel cell system [3]. The specific weight for the H 2 -supply 
corresponds to a goal in a joint project by Forschungszentrum Julich 
GmbH, Haldor Topsoe A/S and Siemens AG [1] building a 25 kW e i 
compact reformer. Considering the actual data of the components in the 
laboratory a higher specific weight of about 2.5 kg/kW H 2 or 6 kg/kW e i 
could be approximated (see Table 2.1). The former value includes the 
reformer (1 kg/kW H 2 ), the catalytic burner (0.24 kg/kW H 2 ) and the gas 
cleaning system (1.33 kg/kW). 



Table 2.1. Gas production system for a fuel cell drive system in terms of weight 



Unit 


Current State 

Specific 

Weight 


Current State 
Weight for 
50 kW e , 


Projected State 
Specific Weight 


Projected 
State Weight 
for 50 kW eI 


Reformer 


1.00 kg/kW H 2 


116 kg 


0.17 kg/kW H 2 


20 kg 


Catalytic 

Burner 


0.24 kg/kW H 2 


28 kg 


0.13 kg/kW H 2 


15 kg 


Gas Cleaning 
System 


1.33 kg/kW H 2 


133 kg 


0.13 kg/kW U 2 l 


15 kg 


£ H 2 -supply 


2.5 kg/kW H 2 


277 kg 


0.50 kg/kW H 2 


50 kg 



1 Because of potential improvement of the fuel cell stack the gas cleaning unit 
may be abonded in the future. 
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In addition to improving stack technology, also the performance of 
peripheral components has to be improved significantly. Especially, 
taking into account the future developments of conventional vehicles the 
target weight for the hydrogen generation system should be limited to 
50 kg (in comparison to 277 kg currently) for a 50 kW e i vehicle. In 
conclusion the following goals have be defined: a reformer with a specific 
weight of 0.17 kg/kW H 2 , a catalytic burner with 0.13 kg/kW H 2 and a gas 
cleaning system with 0.5 kg/kW (Table 2.1) have to be developed. 



3 Methanol Reforming 

3.1 Stationary Performance of a Plug-flow Reactor 

The steam reforming of methanol is catalyzed by Cu/ZnO-type catalysts 
and can be performed in integral fixed bed reactors [4, 5]. The 
methanol/water (CH 3 0H/H 2 0) mixture is converted into hydrogen (H 2 ) 
and carbon dioxide (C0 2 ) according to the heterogeneously catalyzed 
reforming reaction: 

CH 3 OH + H 2 0 C0 2 + 3 H 2 (3.1) 

In addition to this reforming reaction, the reverse shift reaction also 
proceeds. Thus, the product gas also contains carbon monoxide. 

C0 2 + H 2 ^ CO + H 2 0 (3.2) 

The heterogeneously catalyzed reforming of methanol with water 
produces a hydrogen-rich gas at low pressures in the operating 
temperature range of 200 °C to 300 °C. The actual gas composition will 
depend on the approach to the chemical equilibrium, which is a function 
of catalyst activity and space velocity [5]. 




* H system x Electric. Net/LHV MeOH « 42% 



Fig. 3.1. Methanol reformer performance 
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In a joint project by the Forschungszentrum Jiilich GmbH and Haldor 
Topsoe A/S, different methanol reforming reactor concepts, catalytic 
converters and catalysts (Haldor Topsoe A/S) have been tested 
experimentally in the laboratory [1]. These experiments shows that the 
hydrogen yield and the CO concentration in the product gas depend on the 
mode of heat supply for the endothermic reaction or the temperature 
profile in the methanol reformer. Under quasi-isothermal operating 
conditions, up to 12 m 3 (STP) of hydrogen per hour and dm 3 of catalyst 
were obtained (methanol conversion > 95 %) (see Fig. 3.1). The 
maximum hydrogen yield corresponds to about 35 kW (hydrogen lower 
heating value) or an electric power of 19 kW per dm 3 of catalyst in a fuel 
cell with an electric efficiency of 55 % at a cell voltage of 0.7 V. 

The combination of the gas cleaning system with the methanol reformer 
requires the hydrogen production unit to operate at a high pressure level 
of 10 bar. Equilibrium calculations and experimental data of methanol 
steam reforming at high pressures indicate a slight decline in the rate of 
methanol conversion at high pressures. 

The experiments with Cu-ZnO catalysts in a plug flow reactor show a 
good performance with respect to the specific hydrogen yield, i.e. a 
volume of 3.4 1 catalyst (4 kg) is sufficient for a fuel cell drive with 
50 kW e i. An improved technology to produce hydrogen from methanol 
should have advantages in terms of weight, but also in regard to the 
obtained specific hydrogen yield. If such a system show an improved heat 
and mass transfer the effect on the hydrogen production has to be 
considered. What is the potential of a commercial Cu-ZnO catalyst to 
produce hydrogen from methanol in a more effective way? Such 
considerations will give the necessary criteria for the design of a 
convential as well as a microreactor. 

An estimate of the maximum catalyst efficiency can be obtained by 
calculations [6] assuming that the steam reforming of methanol follows a 
first order kinetics. Jiang et al. [7] have measured the kinetics of steam 
reforming from which reaction constants (k Me oH) can be calculated. 
Approximative values for the diffusion coefficient (D Mc oh) and the radii 
(R) of a spherical catalyst particle were used to calculate the catalyst 
efficiency. It should be noted, that Jiang et al. have always performed 
their measurements at 100 % catalyst efficiency. No limits of the diffusive 
mass transfer could be recognized during their experiments with small 
particles of catalyst (150 -590 pm). Our measurements were carried out 
with different commercial catalysts consisting of large catalyst particles 
(1-2 mm). Applying the kinetics of Jiang et al. and taken the different 
experimental conditions into account the catalyst efficiencies cover a 
range of 55 % - 94 %. 

An opposite estimate can be drawn from the works of Idem and Bakhshi 
[8]. They have found that only a small fraction of the total copper of the 
catalyst is active for steam reforming due to an equilibrium between Cu 1 
and Cu° species on the surface which only Cu 1 is catalyticaly active. This 
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results in a much lower catalyst efficiency of approximately 8 %. In 
summary, considering improved mass transfer together with the 
achievable catalyst efficiency a methanol reforming reactor can be 
designed with hydrogen generation rates that are 5 to 7 times larger than 
in conventional reactors. 

3.1 Dynamic Performance of a Plug-flow Reactor 

In order to determine the dynamic behavior of the steam reformer 
system the transient behavior of the reactor after a load increase was 
investigated. This was realized by an abrupt electric signal given to the 
pump leading to an increase in the liquid flow into the evaporator. Fig. 

3.2 shows the response of the system related to the reformer off-gas flow 
as a function of the non-dimensional quantity t/x, i.e. the ratio of the 
actual time to the residence time of the gas in the system. As can be seen, 
the reformer off-gas flow increases only slightly during an initial period 
of 0.4 x, but then rises suddenly reaching 80 % of the stationary flow at 
1.5. In order to fulfill the requirements of a fuel cell drive in a passenger 
car the system should deliver 30 % of the actual demand after 0.2 s. Since 
the current steam reformer could not satisfied this requirement an 
additional gas storage system for hydrogen is considered. A new 
technology should solve this problem. 




Fig. 3.2. Dynamic behavior of the steam reformer system including evaporator 
and pump (approximately from 2/3 to full capacity of the reactor) 



A further problem in terms of time is the start-up procedure of the 
reformer. Transferring the heat by radiation to a heat carrier the catalytic 
burner must heat up the evaporator and reformer unit from ambient 
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temperature (T u ) up to an operating temperature (T) of about 280 °C. 
Considering the heating-up process with a heat carrier of constant 
temperature (T H c) thermodynamic and heat transfer laws yields in 
eq.(3.4). 



Thc-T 
Thc - T„ 



expl- 



k A 
m c v 



(t - t 0 ) 



(3-4) 



The various constants in eq.(3.4) corresponds to the heat transfer 
coefficient k, the area A, and the capacity c v of the mass m at constant 
volume. At first one can calculate the heating-up time for a plug flow 
reactor as an example for a state of the art technology. A 50 kW eJ fuel cell 
drive requires a 116 kg steam reformer (see Table 2.1) with a heat 
transfer area of about 4.2 m 2 (c v = 0.477 kJ/(kg K)). The heat transfer 
coefficient k is assumed to 250 kW/(m 2 K). For a heating-up process from 
25 °C up to 280 °C this approximation results in a time close to 2 min. 
Obviously, in terms of a fast start-up it is necessary to have a feasible 
high ratio (k A / c v m). Primarly, this could be attained by a good heat 
transfer, i.e. a high value for heat transfer coefficient (k). Also, a low 
value for the ratio of mass per area (m/A) yields in a short time for 
heating-up. These demands lead to a refined structure of a heat exchanger 
or a reactor. 



3.3 Demands for methanol steam reforming microreactor 

The use of microreactors in the periphery of the PEMFC offers a 
possibility for designing a methanol steam reformer unit combined with a 
mixing and evaporation system. First suggestions to the properties of the 
system can be made (Table 3.1). The specific weight has to be at least 
0.4 kg/kW e i with a hydrogen yield of 200 kW H 2 /(kg cat h). The unit has to 
provide a minimum transfer area of 1600 m 2 /m 3 . Of special importance is 
the heat transfer, with values of 10 MW/m 3 (6.24 kW/m 2 ). Feed flows of 
19 kg/h methanol and 14 kg/h water have to be mixed, evaporated and 
converted within a 50 kW e i unit. The corresponding product flow leaving 
the system is about 58 Nm 3 /h. 



Table 3.1. Suggested properties of a fuel cell drive system using microreactors 
for steam reforming 





Specific Data 


Specification for 50 kW eJ 


Weight 


0.4 kg/kW el 


20 kg 


Volume 


0.062 1/kWei 


3.1 1 


Area for heat transfer 


1600 m 2 /m 3 


5 m 2 


Heat Transfer 


6.24 kW/m 2 ; 10 MW/m 3 


31 kW 


Catalyst mass 


12 g/kW el 


0.6 kg 


Residence time 


- 


0.2 s 


Product flow 


1.16 Nm 3 / kW e i 


58 Nm 3 /h 





34 



Finally, it should be mentioned that the fuel cell system has a modular 
design which can be equipped with modular microreactor system. In this 
way it can be expected that performance in the partial load regime does 
not reduce the total efficiency remarkably. 



4 Conclusions 

The practical application of the intrinsic advantages of a PEM fuel cell 
for electricity production (high efficiency and low emission level) 
requires an optimized peripherical system. One important criterion is the 
weight of the system components supplying the hydrogen to the fuel cell. 
To compete with future systems with internal combustion engines specific 
weights of 0.5 kg/kW H 2 have to be realized. First estimates show that 
with a microreactor system for the steam reforming this goal can be 
reached. Furthermore, the structure of a microreactor design offers good 
possibilities to transfer the necessary heat to the educts and to increase 
the dynamics of the system. The presented paper is a scouting study about 
the use of such micro systems in combination with fuel cell technology. 
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Abstract 

Transport properties within fluids at sub-millimetre dimensions in micro- 
engineered systems tend to be dominated by laminar flow, diffusion, and surface 
tension effects. Design, fabrication and operation of micro-chemical reactors is 
enhanced by an understanding of these processes aided by application of CFD 
modelling. 

Micro-fabricated channels carrying single phase solutions are shown to exhibit 
solute transport under diffusion control demonstrated by monitoring acid/base 
reaction. 

The principles of diffusive transfer in micro scale fluid flows have been extended 
using innovative micro-contactor device designs whereby immiscible fluids flow in 
contact without mixing but allowing rapid transfer of solute between the fluids. 
Micro-contactors with ~30 to 100 |xm wide channels have been operated for 
liquid/liquid extraction processes with a range of critical geometries and flow 
conditions. Transfer of test solute Fe m between aqueous and organic phases has 
been achieved reliably within micro-contactors without the need for solvent mixing 
and separation stages. Observed flow stability and measured solute transfer rates 
are consistent with models for interface position and diffusion control of solute 
transfer across laminar flows. Analysis of the data shows extraction rates are 
consistent with diffusion coefficients of ~3 x 10’ 1() mV 1 . 

Introduction 

Micro-engineered structures for chemical processing or analysis allow handling 
and conversion of fluid reactants at a high degree of subdivision. Material 
availability or cost may justify micro-system use e.g. in fine or bio-chemical 
processing, but effects of small dimensions on the transport of species, on heat 
transfer and on opportunities for control can be of great significance. Precise 
control of temperature, pressure, and flow conditions, and the short fluid to surface 
transport distances in micro-chemical reactors may improve efficiency, and 
selectivity of reactions over conventional systems. High surface to volume ratios 
may alter reaction rates or paths by surface catalysis or quenching. Enhanced heat 
transfer and confinement could allow use of highly exothermic or potentially 
explosive reactions. For multiphase processes, including device filling, the effects 
of surface tension become increasingly important. Mathematical models, using 
analytical expressions or numerical methods help identify advantages in going to 
the micro-dimensions, and aid formulation of design rules for micro-reactors or 
analysis of their performance. 
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Although individual micro-structures may have low volume through-puts, scale up 
by operation of arrays and the concepts of simple but massive parallelism can 
make micro-structures attractive for chemical processing at any magnitude. 

While a wide range of chemical processes may be utilised within micro-systems, 
those involving reaction and/or transfer between immiscible phases present both 
particular problems and opportunities. Liquid/liquid extraction is widely used in 
industrial scale purifications, and in both preparative and analytical chemistry. 
However the development and optimisation of systems for automated or 
continuous operation is impeded by conflicting requirements for the processes of 
inter-phase transport and of phase separation. Gross restrictions in contact area and 
extended diffusion pathways slow transfer through conventional membranes. 
Techniques employing droplets can suffer delayed phase separation. 

Mixing to form droplets of one phase in the other enhances inter-phase transport 
by increasing interfacial area and reducing transport distances. As phases become 
discontinuous convective mixing within each phase is disrupted. Solute transport is 
diffusion dependant for even millimetre scale drops. Division of liquids on the 10 
to 100 pm scale promotes rapid interphase transfer, but subsequent separation of 
the fluids may be slow or difficult with possible formation of emulsions. 
Separation is promoted by body forces from gravity or acceleration and fluid 
density differences (gAp) which may at small dimensions be less significant than 
surface tension ( 7 ) effects. Capillary forces tend to dominate for dimensions below 
V(2y/gAp) corresponding to ~2 mm for water and many organic liquids under 
terrestrial gravity [1]. Conventional immiscible fluid mixing at to millimetre 
dimensions to avoid separation problems is not optimised for rapid diffusive 
transfer. 

Transport in Micro-Engineered Structures 

Transport processes can alter as dimensions reduce. Results for micro-systems can 
differ from expectations based on macroscopic equipment. The relative importance 
of laminar and turbulent flow, diffusive and convective mixing, of inertial and 
gravitational body forces, and surface tension effects need to be considered within 
the design and fabrication processes for micro-engineered fluid handling and 
chemical processing systems. 

At large scales the importance of diffusion in mixing and reaction is often 
obscured by turbulence. At micro-engineering scales the Reynolds Number Re is 
within the laminar flow range for even relatively rapid liquid flows (for water at 1 
cm/s in 100 pm channels, Re- 1). Re = (flow speed)(characteristic 
length)/(kinematic viscosity) is indicative of flow type [2]. Low values 
corresponds to laminar flow, and transition to turbulence generally requiring 
Re~1000. Flow rate and visualisation experiments on single phase flows for a 
series of channels and manifolds have previously been reported [3,4]. Imaging 
measurements following the trajectories of (~3pm) polymer beads in aqueous 
suspensions through micro-engineered structures confirmed laminar flow in 
agreement with CFD (Computational Fluid Dynamics) modelling. Laminar flow 
requires transport across the flow direction including mixing or transport to 
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surfaces to occur by molecular migration (e.g. diffusion or electro-migration). 
Thus mixing/reaction times in micro-systems are expected to relate to distances 
across streams and diffusion rates. Diffusive transport across streams and absence 
of turbulence has been demonstrated earlier [5]. Photo-micrographs of the 
confluence of aqueous streams from two ~50 pm channels showed transfer of 
fluorescent dye between streams whilst 5 pm balls remained within a single 
stream. 

The mathematical descriptions of diffusive transport processes [6] for various 
geometries show that extent of a diffusive process relate to a dimensionless 
variable of the form Dt/l 2 , values of which provide a useful measure of mixing 
capability . (D is diffusion coefficient, t is time for mixing, and / is diffusion 
distance). Generally mixing may be taken as progressing from substantial to nearly 
complete for Dt/fi from 0.1 to 1 . 

Typically in liquids D ~ 10"9 m^s"^ for small to moderate molecules [7], so near 
complete mixing in ~ 1-10 sec correspond to ~ 30- 100pm. widths, conveniently in 
the micro-engineering range. As diffusion processes scale with the square of 
distance, diffusive mixing times for millimetre dimensions may be hundreds of 
times longer than for systems where / = 30-100 pm. 

Diffusive Mixing in Single Phase 

As a quantitative check on applicability of diffusion equations to fluid streams in 
micro-engineered devices, a colour CCD Camera with Matrox™ image capture 
system were used to monitor the junction of near hemispherical channels (radius 
~30pm.) formed by etched glass anodically bonded to plane silicon. Flows of 
Cresol Purple in 0.05 M. NaOH, and 0.5 Molar HC1 into the junction were varied 
by changing reservoir heights. A selection of the images are shown as Figure 1: 




Figure 1 Images of Contacting Flows with Fluid Reservoir Heights 



8.7 cm 1 1.7 cm 

13.7 cm 15.7 cm 

18.7 cm 28.2 cm 

40.7 cm 112.7 cm 
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Using flow and plane sheet diffusion expressions [8,6], effective diffusion 
coefficients were obtained from pressures and system dimensions, and distance 
measurements from the images. Diffusion and reaction occur, but the pale yellow 
streak in the indicator was taken to correspond to a 1/10 of bulk acid level in a 
diffusion only advancing front. Figure 2 shows calculated values versus fluid head, 
giving remarkably good agreement with a published [8] value for diffusion HC1 
D = 3.05 x 10~9 m^s' 1 . The agreement supports the view that diffusion is the 
dominant mixing mechanism. 



Figure 2 




High values for some measurements at low pressures correspond to the region 
close to the confluence. The mean flow rate used for calculations would be higher 
than the true value in this region resulting in an under estimate of times for those 
measurements. 




CFD Modelling has been applied to the system. The lower plot in Figure 3 shows 
profiles obtained using D = 3xl0' 9 mV 1 , and 5 x lO ^Ws 1 corresponding to 
expected values for H + and the indicator dye. The profiles appear to agree quite 
well with the experimental data image above. 
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Two Phase Flow and Solute Transfer in Micro-Contactors 

The relationship between diffusion and dimensions described, and confirmed 
above for single phase micro-channel flows is expected to apply for liquid/liquid 
extraction systems. However the situation for two immiscible phases has somewhat 
greater complexity which need to be considered. 

Flowing two immiscible liquids in contact without mixing to form droplets or slugs 
of one phase in another, requires that the micro-engineered structure and flow 
conditions can stabilise the fluid interface position. Employing innovative 
principles and procedures [9,10] micro-systems have been produced capable of 
bringing immiscible fluids into contact at the required dimensions to promote rapid 
inter-phase solute transfer whilst preventing solvent mixing achieving clean fluid 
separation. Micro-contactors, represented in Figure 4 have openings between 
channels where immiscible fluids contact. The channels have dimensions 
(< 100pm) calculated for rapid (~sec.) diffusive transfer of solutes across the 
channel widths. Specification of opening geometry and wall materials provides 
stable flows without mixing, and separation of the fluids as channels diverge. 

The liquid/liquid interface position is governed by the contactor geometry, fluid 
interfacial tension y, contact angles 0 at walls, and pressure differences AP 
between flows. Within a single phase, or where two miscible phases combine, 
there is no mechanism to sustain a pressure difference perpendicular to the 
direction of flow. Thus for the acid/base mixing experiment described above it was 
necessary to impose equal input pressures to ensure parallel flows at the junction. 
However for immiscible fluids, a liquid/liquid interface can sustain a small 
pressure difference, and unbalanced flows do not necessarily result in transfer of 
globules of material between streams. The general expression for curvature at 
liquid/liquid interfaces is: 

A P = y/ry + y/r 2 (radii r j and /*2 in two orthogonal planes) 

For dimensions sufficiently small to neglect gravitational effects, geometric 
arguments lead for a linearly extended interface confined between sheets at 
separation d to: 

A P = P ] - P 2 = y(2 cos %)/d 

While this sets interface shape, the location is not pinned if d and 0 are fixed at 
single values. Within a micro-contactor the interface position is confined by 
changes of d and/or 0, most generally by arranging for the opening to be narrower 
than the contacting channels. 

The assumption that gravitational effects may be neglected is valid if fluid layer 
thicknesses / are much less than the square root of the capilliarity constant [1]. 
i.e. /<< V(2y/gAp) 

This will generally be the case for micro-contactors where l < 100 pm. 

Example micro-contactor cross-sections with a narrowed section between channels 
to aid interface pinning are represented in Figure 4 . These geometries may be 
fabricated from planar substrates by a combination of etch and bonding 
techniques. By using combinations of materials with different contact angles, it is 
possible to enhance interface pinning, and device filling. 
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Favourable characteristics are achieved with anodic bonding glass with 
hydrophyllic walls for the aqueous solution, and the less hydrophyllic silicon for 
the organic channel. Figures 5 and 6 show cross section and plan view of devices 
fabricated in Silicon and Anodic Bonding Glass. These have an extended but 
constricted opening between adjacent channels. Such contactors fabricated with 
sawn or etched channels of cross section -2000 to 4000 jam^ and openings 
between channels of 5 to 30 jam over 0.3, 1.0, and 3 cm lengths have been used to 
test transfer of Fe^ + between aqueous HC1 and TB P/xylene solutions. 




Micro-Contactors-Diagrammatic SEM of Cross Section 



Figure 6 Micro-contactor -Plan View 




Micro-contactor Design and Modelling 

Using interfacial tension y and contact angle 0 and contactor geometries, it is 
possible to calculate the maximum pressure difference A P between fluids as a 
function of opening width. Results of such a calculation plotted in Figure 7 show 
that A P rises steeply for openings below ~20 jam. This is consistent with 
experimental conditions for stable operation. Most devices produced and tested 
have channel overlap openings < 20 jam set by alignment at the anodic bonding 
stage. This is carried out with specialised jig based on a mask aligner stage, 
allowing reliable bonding within ~2 jam of target opening values. 
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conditions for stable operation. Most devices produced and tested have channel 
overlap openings < 20 pm set by alignment at the anodic bonding stage. This is 
carried out with specialised jig based on a mask aligner stage, allowing reliable 
bonding within ~2 pm of target opening values. 
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Although the principles of operation of micro-contactors are described relatively 
simply in terms of diffusion distances, opening dimensions for maintenance of a 
stable interface, and contact length, the optimisation and validation of designs is 
greatly aided by the application of modelling techniques. Diffusion between finite 
sheets has no full analytical solution and thus requires use of numerical methods. 
For real geometries taking into account flow profiles it is necessary to use a well 
developed commercial CFD software package such as CFDS-CFX (formerly 
CFDS-Flow3D) [4]with a new module developed to allow the effects of surface 
tension to be included. CFD modelling has been applied to micro-contactor 
geometries at the design stage, and to representations of real systems fabricated 
and tested. Figure 8 shows a velocity profile at mid point cross-section. 

Figures 9 and 10 show modelled diffusive transfer with diffusion coefficient set to 
5xl0"10 m^s"^ for a 10 mm long contactor with 16 pm opening width yielding a 
calculated transfer efficiency of 68%. 
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Figure 9 
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Micro-contactor Testing 

Transfer tests have been carried out on a series of 55 micro-contactors of the form 
in Figure 5 and 6 with ~60 jam square channels sawn into silicon, and semicircular 
etched channels in glass (-35 jam radius), opening heights 5-30 jam, and contact 
lengths 0.3, 1.0 and 3.0 cm. Channel dimensions were recorded for all devices. 
Measurement were made of Felll transfer from 5% TBP Xylene into 3M. HC1, 
and from 8M. HC1 into 5% TBP/ Xylene. Felll concentration in each starting 
solution was -0.05 M. Flows were varied by adjusting solution heads from -10 to 
60 cm. Product portions -lml were generally collected on a daily basis, with some 
variation (0.5 to 3 days). Devices were operated over several weeks. All starting 
and product solutions were collected, weighed, and after extraction/ dilution steps 
analysed using absorption at 340 nm in 3M HC1 with a Perkin Elmer Lambda 7 
UV/VIS Spectrometer. Fractional Transfer values are obtained by dividing output 
concentrations by equilibrium values for the same fluid volume ratio. 

Equilibrium values were determined by analysis of separated products from 
portions of the starting solutions shaken together for 1 minute. 
(Transfer efficiency) = (Fractional Transfer) x 100. 

Quantity of Felll leaving and entering solutions was determined for each 
experiment, and data for devices where there is >20% difference in apparent 
efficiencies for aqueous and organic products was excluded from further 
consideration. Some results show efficiencies greater than 100% efficiencies 
which are most probably due to solution/solvent loss effects through polymeric 
tubing and connectors. 

Micro-contactor Data Analysis 

Fractional Transfer data plotted below represents mean values for aqueous and 
organic streams for each experiment. Figure 1 1 provides a summary of the 
Fractional Transfer values plotted against solution Transit Times. These times 
were calculated by dividing the volume output rate of each channel by channel 
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cross section, and multiplying by the length of opening between channels. The data 
shows considerable scatter, but is concentrated about a region corresponding to 0.5 
fractional transfer in 2 seconds. The longer transit times for the aqueous solutions 
compared with the organic reflect the generally lower flow rates resulting from the 
lower pressure head for the aqueous phase required for stability, and somewhat 
lower channel cross sections. 



Figure 11 




To highlight diffusional transfer control the fractional transfer data is presented 
again in Figure 12 but plotted against Dt/A where D is a value of diffusion 
coefficient chosen to fit the data, t is organic phase transit time, and A is the 
channel cross sectional area (a measure of the square of diffussion length across 
the channel). Also plotted on Figure 12 is a theoretical curve for plane sheet 
diffusion [6] calculated for the same value of D. The theoretical curve fis 
reasonably well to the data for short times. 

Figure 12 



Fractional Transfer of FeEU versus Dt/A 
for Organic Channel (in Silicon) 




Dt/A for Organic Channel 

and Dimensionless Time T=DT/r2 for Planar Diffusion Theory 

■ Solution Analyses give Fractional Transfer, Flow rate and channel dimensions give Contact ltme(t), 
D = 3x1 10 sM and Channel Cross- Sectional Area (A) applied in Dl/A Calculation 

- -Planar Dilfusion Case Theoretical Curve 
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The data in Figure 11 and 12 includes results from micro-contactors with 0.3, 1 
and 3 cm length open length between channels, and a range of opening widths. The 
effect of contact length on Fractional Transfer for short contact times is shown in 
Figure 13. The enhanced transference for the shorter contactors is in line with the 
single phase results described earlier. Again it is thought that flow distribution near 
the entrance to the open region will enhance transfer. 



Contactor Length Effect on Transfer for 
Short Transit Times 




Mean Transit Time for Organic Phase 
seconds 



Figure 13 



To enable a comparison between the experimental Fractional Transfer values 
(Fex), and theory, simple plane sheet diffusion equations [6] were used to 
calculate theoretical Fractional Transfer values (Fth) for the same range of 
contact times, and using D = 3 x lO'^mV 1 , and organic channel cross-sectional 
areas for l 2 . The quotient Fex/Fth was calculated for each experimental run. A 
perfect match between experiment and theory should give a constant value for this 
quotient, and it should equal 1 if the value for diffusion coefficient used is correct. 
The theory used is simplistic, not taking into account flow profiles, deviation from 
planar geometry, and non infinite partition coefficients. It would certainly be 
expected to fail progressively as Fractional Transfers become greater than 0.5. 
Nevertheless the results of plotting Fex/Fth versus contact time shown in Figure 
14 support the view that the devices are operating under diffusion control, and that 
the value of diffusion coefficient used is reasonable. 

One constraint on transference which may be expected to affect rates of transfer is 
the interface area. At the limit, as opening widths approach zero there must be a 
condition where interfacial transfer rates for the solute become rate limiting rather 
than diffusion across the channels. Figure 15 shows Fex/Fth plotted versus the 
width of opening between channels. If opening width were to become limiting, the 
value of Fex/Fth should decrease. The lack of a clear trend in the data indicates 
that this is not the case for the range and system examined. An apparent trend for 
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the 0.3 cm length devices is thought to be a coincidence between the order of 
opening widths, and flow rates for those devices. 



Figure 14 



Quotient of Expermental and Theoretical Fractional 
Transfer (FexJFth.) versus Channel Overlap Width 
(Plane sheet theory with D ^ 3x10 A ~10 m A 2/s) 

2 5 i— — -• 



Figure 15 



Conclusion 

Micro-engineered devices have been designed and produced which allow non 
mixing contact between flowing streams of immiscible fluids. Liquid/liquid 
extraction with substantial material transfer has been achieved with micro- 
contactors. The design parameters including surface tension affecting stability, and 
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diffusion coefficients controlling inter-phase transfer have been modelled. 
Agreement between models and experiments indicate that micro-contactor 
behaviour is predominantly consistent with control by the parameters proposed. 

By changing HC1 concentrations and thus partition coefficient both forward and 
back Fe^ + transfer tests have been carried out. A large number of device tests 
have been carried out with pressure heads from ~10 to 100 cm. The widths of 
openings between channels, and the differences in organic and aqueous heads 
which allow stable operation are broadly in line with expectations from simple 
theory. Transfer efficiencies of 10 to -100% have been achieved for both forward 
and back transfer of Fe 3+ . CFD modelling and application of analytical models to 
the data indicates that the species involved in the controlling diffusion process has 
coefficient D -3 x 10'^m^s’ 1 . This is within the expected range for non 
polymeric species of moderate size [7]. 

The considerable scatter within the data is believed to result from difficulties 
handing the low flows through polymeric tubing and connectors attached to the 
silicon and glass micro-contactors. The most recent devices include direct in line 
connection to silica capillaries and are less susceptible this problem. 

For chemical processing applications the material throughput will be increased by 
parallel operation. Present device outputs are -1 ml/day. Parallel filling and 
operation of small numbers of channels has already been achieved. 
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I. Introduction 

Microreactors have been used for investigation of spatio-temporal concentration 
patterns arising due to interaction of specific complex reactions with transport 
of reaction species by molecular diffusion in spatially distributed reaction me- 
dia. Propagating reaction fronts form one class of these patterns which are 
of interest in many areas of fundamental research. Particular interest is de- 
voted to studies of effects of external fields (electrical and gravitational) that 
initiate other transport processes like electromigration of ionic components and 
hydrodynamical flow. 

Presented paper describes capillary and planar microreactors used for exper- 
imental studies of electric field effects on propagation of reaction fronts in liquid 
phase reaction media and presents main results of these studies. Attention is 
drawn to stability of the reaction front that was found to break when an electric 
field of the critical strength is applied. The role of local hydrodynamical flow 
induced by electric field is also discussed. 

One of the model reactions studied is catalytic oxidation of malonic acid by 
bromate (the Belousov-Zhabotinskii (BZ) reaction) which can occur in oscilla- 
tory manner. While the reactants are slowly consumed the concentrations of 
intermediate products and of a catalyst undergo cyclic changes. Subsequently, 
pulse-like reaction zones are generated and propagate one after another in a 
spatially distributed system until the final conversion of reactants is reached. 

Another reaction system studied is oxidation of arsenous acid by iodate. The 
final conversion is reached in one sequence of consecutive elementary reaction 
steps and thus only one propagating reaction front is observed in the spatially 
distributed system. Initial ratio of reactants determines whether either iodide 
or iodine will arise as one of the final products. 

2. Reactions in capillary reactors 

Capillary reactors are used for investigation of spatially one dimensional (ID) 
effects of d.c. electric fields that are parallel to the direction of the reaction wave 
propagation [1-3]. The apparatus drawn in Figure 1 is based on the idea of de- 
vices for isotachophoresis. A rectangular cuvette (C) made of optically clean 
glass (outer crossection 9 x 9 x 84 mm) with a rectangular capillary channel 
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(crossections 1 mm 2 and less are used) forms an essential part of the appara- 
tus. Both ends of the cuvette are fixed in the filling chambers (FC) made of 
organic glass (size : 15 x 85 x 60 mm). Electrode cells (EC) made of organic 
glass as well (size : 45 x 85 x 60 mm) have inner volume 15 ml and are filled 
with the reaction solution. Two pieces of silicon packing (P) and a piece of 
microporous teflon membrane (M) are placed between electrode cells and filling 
chambers. The whole apparatus is tighten together with screws and placed into 
the thermostated water bath. The cuvette is filled with the reaction solution 
through the opennigs in the filling chambers that are then closed by stoppers 
(S). Electrode cells are filled with the same reaction mixture and planar (3 x 
3 x 0.03 cm) electrodes made of platinum (E) are immersed into the solutions. 
A continuous channel enabling electric current (carried by ionic components of 
the reaction mixture) to flow between both electrodes is thus formed. The mi- 
croporous teflon membranes separate the capillary reactor from the electrode 
cells and prevent mixing of the products of electrode reactions in the electrode 
cells with the reacting solution in the capillary. 




Figure 1 : Capillary reactor. EC - electrode cells, FC - filhng chambers, SP - silicon 
packings, C - rectangular capillary, M - microporous teflon membranes, E - Pt planar 
electrodes, S - stoppers. 

After the capillary and electrode cells are filled with a reaction mixture the 
reaction is initiated inside of the filling chambers (either spontaneously or as 
a response to the controlled external stimulation by immersed wire electrode) 
and reaction zones propagate from the ends towards the centre of the capillary. 
Colour changes of either the starch indicator in the iodate-arsenous acid system 
or the form of the catalyst in the BZ reaction (ferroin/ferriin was used in further 
described cases) enable to follow the propagation of reaction zones optically. The 
intensity of the light beam (A = 490 nm) produced by spectrophotometer passes 
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Figure 2 : Effects of an applied electric field on the velocity of the reaction zones 
propagation in BZ reaction medium. A) View of the section of the 0.5 mm capillary 
reactor (monitored length is 6 mm). Propagation of two reaction zones (white stripes) 
in the electric field E = 9.5 V/cm. Time interval between snaphots At = 15 sec, time 
goes from top to bottom. B) Dependence of the propagation velocity on the electric 
field intensity [1]. 



through the cuvette and is recorded on the video tape with a Hamamatsu video 
camera. A system of mirrors allows the light beam to be split into two beams 
that pass through the capillary in both vertical and horizontal directions. A 
system of lenses allows to magnify observed area. Maximal space resolution 
used (17 fi m per pixel on the monitor) corresponds to the 8.5 mm of the length 
of the capillary to be monitored. Data recorded on the video tape are then 
digitized by frame grabbers and further evaluated by various commercial image 
processing packages. 

When an electric field is applied the migration of ionic components of the 
reaction mixture alter their concentrations within the reaction zone and, conse- 
quently, the local course of reactions. The effects of an applied electric field on 
the reaction zones are of two types; i) the electric field of low intensity changes 
only the propagation velocity of the reaction zone through the capillary, ii) an 
electric field of higher (’’supercritical”) intensity changes the global behaviour 
of the reaction in the capillary. 





Figure 3 : Global changes of the BZ reaction behaviour in the capillary reactor 
under the electric field. A) Reversal of the direction of the reaction zone (white 
stripe) propagation, 0.5 mm capillary reactor, E = 12 V/cm, monitored length of the 
capillary L = 3 mm, At between snapshots is 20 sec. B) Break of the planar reaction 
zone in 1 mm capillary reactor, E = 6 V/cm, L = 4.4 mm, At = 40 sec. 

The propagation velocity can be either increased or decreased (as it is shown 
in Figure 2) depending on the mutual orientation of the electric field and the 
direction of the reaction zone propagation [1,2]. Figure 2 A shows two reaction 
zones (white stripes) propagating from the ends of the capillary towards the 
center in the electric field. One can see that the left reaction zone (propagat- 
ing towards negative electrode) propagates more slowly than the right reaction 
zone propagating towards positive electrode. Figure 2 was obtained for the BZ 
reaction but the same influence of the electric field on propagation velocity of 
reaction zones was found in the iodate-arsenous acid mixture[l,2]. 

The global changes of the reaction in the capillary depend on the specific 
features of the raction mechanism involved. For example, for the BZ reaction, 
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Figure 4 : Planar microreactor. P - Petri dish, TS - teflon supports, PP - polymerized 
packing (’’Lukopren”), G - glass seal, E - Pt planar electrodes, TW - thermostated 
water. 



the following effects have been observed : i) formation of several new reaction 
zones off the original one (the so called wave splitting), ii) the reversal of the 
direction of the reaction zone propagation, and iii) termination of the reaction 
when fields of specific strengths are applied [1,3]. Figure 3A shows the reversal 
of the direction of the reaction zone propagation. 

The reaction in the iodate-arsenous acid reaction was found to proceed to 
one of two different stationary states in different parts of the capillary when an 
electric field of a specific strength is applied and thus spatially nonhomogenous 
distribution of reaction products are formed along the capillary [2]. 

Capillary reactors of various inner dimensions (0.5 x 0.5 mm 2 , 0.7 x 0.7 
mm 2 , lxl mm 2 ) were used to study the stability of the reaction front and the 
homogeneity of concentration profiles across the capillary crossection. Due to 
concentration changes the densities of the solution in front, at, and behind the 
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Figure 5 : Splitting of the reaction zone (white circle) in electric field (BZ reaction 
mixture). Top view of the monitored area (3x3 cm 2 ) under the glass seal in the 
planar microreactor. Numbers show the time intervals after the electric field (E = 
4.06 V/cm) was switched on. 



reaction zone are different and evoked local hydrodynamical flow can disturb 
the stability of the wave front. The effects are especially profound in capillaries 
of larger diameters. Hydrodynamical effects can be eliminated by adding gels 
into the reaction medium (0.2 % agar gel is used in the studies described above). 

The studies of BZ propagating reaction zones in liquid (without gel addition) 
has shown that the reaction zone is essentially perpendicular to the longitudinal 
axis of the capillary when no field or positive field (reaction zone propagates 
towards the positive electrode) is applied. Thus the propagation can be looked 
at as being spatially one dimensional. When a negative field is applied the 
reaction zone can become either bended temporarily restricted only to the small 
part of the capillary crossection. Propagation of the reaction zones thus becomes 
spatially two or three dimensional. 

This effect is shown in Figure 3B where almost planar reaction zone propa- 
gating in zero electric field (the first snapshot at the top of Figure) is exposed to 
the applied electric field. Reaction zone becomes bended (the second snapshot) 
and after a while a small reaction zone splitts off (the third snapshot) and then 
gradually spreads over the entire crossection of the capillary (the white stripe 
grows and moves to the right). The original reaction zone is partly annihilated 
but, subsequently, starts to grow over the capillary crossection as well (the 6th 
and 7th snapshots). 
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Figure 6 : Formation of zones of different concentrations of products during oxida- 
tion of arsenous acid by iodate in the electric field (E = 2.0 V/cm). Top view on 
the monitored area (3.5 x 3.5 cm 2 ) under the glass seal in the planar microreactor. 
Numbers show the time intervals after the electric field was switched on. 



3. Reactions in planar microreactors 

Planar microreactors are used to study two dimensional effects of applied electric 
fields [4,5] in reaction media bounded in agar gel. The reactor is based on a 
specially adapted Petri dish (see Figure 4). A rectangular channel (4.5 x 12 
cm 2 ) is formed by filling the Petri dish with polymerized packing (”Lukopren”). 
The channel is filled with the reaction mixture, and a specially shaped seal (4.7 
x 4.7 x 3 cm 3 ) made of optically clean glass is placed on Teflon supports so as 
to create a thin layer (depth 0.6 mm) of the reaction medium under the glass 
seal. Excess mixture squeezed out by the glass seal forms a 1.4 cm high gelled 
layers into which the plate platinum electrodes are placed. The small hole (of 
diameter 0.3 mm) in the middle of the glass seal serves for the wire electrode to 
be immersed into the reaction medium. 

The external stimulus (small voltage applied at the wire electrode) initiates 
the reaction and the reaction zone then propagates from the center in all hor- 
izontal directions evenly and forms an expanding ring (cf. Figures 5 and 6). 
The response of the reaction zone along the ring to the uni-directional electric 
field (oriented horizontally in Figures 5 and 6) depends on the local angle (a) 
between the vector of the propagation velocity and the vector of the electric field 
intensity (E). The effective intensity of the field E e f = E . cos a influencing 
any given part of the circular reaction zone determines whether the reaction 
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zone is speeded up or slowed down, broken into a crescent or spiral parts, etc 

[4,5]. 

Figure 5 shows formation of two new reaction zones (by so called wave split- 
ting) from that part of the circular reaction zone that is exposed to the highest 
negative E e f (a ~ 0). Comparisons of the shape of the reaction zone with the 
superimposed dark circles in the first and the last snapshots illustrate changes 
of the velocity of the reaction zone propagation when an electric field is switched 



Figure 6 illustrates changes of the reaction mechanism within the reaction 
zone when an electric field is applied. Circular reaction zone propagating in zero 
electric field contains intermediate product iodine (dark colour) and converts 
solution into iodide (white colour behind the dark circle). When an electric 
field is switched on the migration of ions causes the local changes of the reactant 
concentrations within the reaction zone. The reaction proceeds with different 
mechanism and iodine is produced. Dark zone is thus enlarging until the field is 
switched off again. The production of iodide is then recovered and the growing 
white zone with iodide separates the propagating reaction zone and the broad, 
stationary dark zone of iodine. 

4. Conclusions 

Most of the above described features of electric field effects on the propagating 
reaction zones in effectively ID or 2D microreactors can be described by appro- 
priately chosen mathematical models which, depending on the ionic strength of 
the solution consider or disregard the effects of spatial distribution of charge 
which can arise due to nonhomogeneous spatial profiles of ionic species in the 
correspoding reaction-diffusion- migration systems [4-6]. 
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We present a system for studying heterogeneously catalytized gas phase reactions 
on single-crystal surfaces. As a model reaction we studied the high-temperature 
dehydrogenation of methanol to formaldehyde and furtheron to CO. A new flow 
microreactor was developed in which a radial gas flow is run over the surface of a 
single-crystal sample. Residence times can be kept as short as 10" J s opening up 
the same time scale as in the technical flow reactor. 

The apparatus utilizes gas chromatography for gas phase analysis during the 
reaction. A valve system provides for measurements of residence time 
distributions and reaction kinetics in technical as well as the new single-crystal 
flow microreactor. In particular, time-on-stream and formation analysis of the 
catalyst load is possible. This is of special importance for the combination of the 
catalytic reaction experiment with the surface scientific post-mortem 
characterization of the sample surface. 

Chemical analysis and structural characterization of the sample surface can be 
carried out by surface scientific tools as there are x-ray induced photoelectron and 
Auger-electron spectroscopy (XPS/XAES) and low-energy electron diffraction 
(LEED), respectively. In analogy to the technical catalyst we have prepared thin 
aluminum oxide films on a nickel-aluminum alloy single-crystal surface. Doping 
this oxide film with sodium was provided by in-vacuo evaporation from an SAES 
getter source. This system was used as a model system to study the methanol 
dehydrogenation reaction in the new single-crystal microreactor. The results are 
compared to those obtained in technical microreactors. 
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1 Experimental details: 

The new modular reaction system consists of a microreactor for single-crystal 
samples mounted into a reactor host as part of a rapid sample entry and a gasflow 
system for reaction control and product analysis. Single-crystal microreactor and 
reactor host are assembled on an ultra-high vacuum chamber which is equipped 
with facilities for x-ray induced photo- and Auger-electron spectroscopy 
(XPS/XAES), low-energy electron diffraction (LEED), ion surface scattering 
(1SS) as well as a quadrupol mass-spectrometer for the detection of thermally 
desorbing species. By a magnetic transfer rod, a sample holder can be transferred 
from the analytic part of the chamber onto a linear motion drive suitable for 
transfering the sample holder into the reactor host. On the linear motion drive, 
connection of a filament, a thermocouple and a sample ground is provided 
between sample holder and vacuum feedthroughs. On the sample holder the 
thermocouple is spot-welded onto the edge of a stainless steel basis plate. The 
basis plate is screwed onto a ceramic cylinder (Lava Grade A™) which in turn is 
mounted onto the commercially available sample holder base (Leybold, type 
PTM/KH 1000). Inside of the ceramic cylinder a tungsten filament is mounted for 
electron bombardement of the basis plate. On top of the basis plate the single- 
crystal sample is spot- welded onto four tantalum rods (1mm o.d.) in the centre of 
a knife edge. 

Figure la shows the sample holder in the reaction position inside the reactor 
host. The basis plate is pushed against a stainless steel fixing plate which is 
mounted inside the bottom of the host. Sealing of the reactor volume against UHV 
is provided by two knife edges on the basis plate and the fixing plate, 
respectively. Between them, a CF16 copper gasket serves for sealing during 
several reaction runs. This requires reproduction of the sample holder position. 
Together with reproduction of the sample position in the reaction cell, this is 
achieved by three pins on the fixing plate driving into corresponding holes in the 
basis plate during sample transfer. 

The fixing plate is screwed together with a ceramic distance ring (Macor™) 
onto the bottom wall of the reactor host. Sealing at the interfaces between fixing 
plate, distance ring and host wall, respectively, is provided by two gold wire 
gaskets (o.d. 0.5mm). Ceramic washers (Macor™) and rings (corundum) provide 
electrical isolation of the fixing plate from the grounded screws enableing electron 
bombardement heating of the basis plate in reaction position. 

The reaction cell itself consists of two quartz glass pots which are mounted into 
eachother. (Fig. lb). During the reaction run the single crystal is positioned into a 
hole of appropriate size and shape in the centre of the bottom of the outer pot, 
closing the hole mostly. The gap space between the bottoms of the two glass pots 
then is the true reaction volume ( 1 0-50jnl). The gas flow enters this volume 
through a capillary in the axis of the inner pot. It spreads over the surface and 
flows into the cooling volume between the cylinder mantles. The outer pot has a 
tempering jacket to provide cooling to 130°C avoiding product condensation. 
From the cooling volume the gas flow exits the reactor via a stainless steel 
capillary (1/16“)- 
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Figure 1: Modular construction of the single-crystal microreactor: 

a) Sample holder in reaction position inside the reactor host. Doted lines indicate hidden 
parts, dashed lines suggest the position of the reaction cell in the wall of the reactor host. 

b) Reactor consisting of reaction cell and reactor head, respectively. Inside the reactor 
head, a filament is wrapped around the central quartz glass capillary over 38 mm length. A 
Ni/NiCr-thermocouple is attached inside the bottom of the inner glass pot. 
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The gas flow system for reaction control and product analysis consists of 
standard gas chromatographic sampling valves (VALCO). A reaction inert gas 
flow is handled separately from the carrier gas flow to decouple reaction and 
analysis space velocity conditions. Figure 2 shows a schematic of the gas flow 
system. The inert reaction gas flow is loaded with the vapour pressure of volatile 
reactands in a bubble column. Two sample loops are used as starting and 
destination points of a transient pulse-flow experiment through the microreactor. 
The first sample loop (SL1) is filled with the loaded gas flow. After closing 
sample loop (SL1) and bubble column, the clean inert gas flow purges the system. 
By switching valve VI it then drives the content of sample loop SL1 as a pulse 
through the reactor into the second sample loop SL2. By closing valve V3 the 
pulse is caught in SL2. Via valve V4 it is injected onto the GC. This operation 
mode serves for measurements of residence time distributions as well as an 
analysis of catalyst formation processes. Alternatively, a continuous flow of 
loaded gas can be lead through the reactor allowing for time-on-stream analysis. 
In both operation modes kinetic data can be obtained varying the residence time 
by variation of the space velocity through the reactor. 




Figure 2: Schematic of the gas flow system: 

The commercially available valves (VALCO) are mounted into a heating box on top of a 
gas chromatograph (Fisons Instruments). The electrical motion drives of the valves are 
controlled via an auxiliary signal interface by the GC measurement software (Fisons 
ChromCard). This provides synchronous reaction control and GC analysis in the pulsed 
operation mode. 



2 Results and discussion: 

Initially, results were obtained from technical flow microreactors. Corundum 
capillaries with 1mm i.d. and a filament heating zone of 38 mm length were used 
as wall reactors. Temperature measurement was carried out by a thermocouple 
close to the filament. Maximum formaldehyde yields of 12 to 16%, comparable to 
the results from technical flow-tube reactors, were observed at 1000 - 1050 K, 
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about 150 K below the technical results. The lower temperature is due to a smaller 
tube diameter, providing a higher rate of heat transfer into a smaller amount of 
reactands. This indicates a major objective using technical microreactors in 
catalytic studies. With the size of the system, heats of reaction and amounts of 
reactands scale down more rapidly than the corresponding rates of heat and mass 
transfer, respectively. Especially, in catalytic reactions mass transfer towards and 
from the catalyst surface is often rate limiting rather than the surface reaction 
itself. One purpose of catalytic microreactors is the prevention of transport 
limitation in kinetic measurements. In particular, the present reaction of methanol 
to formaldehyde is endothermic. Hence, the influence of the heat transfer rate can 
be reduced considerably using a flow microreactor in this case. Figure 3 shows 
kinetic data of the blind reaction obtained by variation of the residence time in the 
corundum capillary. Fitting kinetic time laws to the product spectrum yields two 
rate constants for a simple reaction sequence A — > B — » C and it is easily 
suggested that activation energies can be obtained from temperature dependent 
measurements of these rate constants then. 




0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 



Residence time [s] 



Figure 3: Kinetic measurement of the blind reaction in the corundum capillary 

The full lines indicate the fit to kinetic time laws of a reaction sequence A — > B — » C. 
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Following the blindreaction we also studied catalytic conversion of methanol to 
formaldehyde in the technical flow microreactor. Zaza et al [1] report on 
formaldehyde synthesis from methanol over sodium carbonate on an active carbon 
support in a fixed bed reactor. Resembling these experiments, we prepared a 
sodium coating in the corundum capillary by heating a Na 2 C 03 -filling to 
temperatures above 1000°C and removing most of the carbonate filling 
mechanically, thereafter. Operating this microreactor continuously (Fig. 4a) we 
observed about 55% formaldehyde yield at 850-900 K i.e. 150 K lower than for 
the maximum yield in the blind reaction. In contrast to this, the pulsed operation 
mode led to a maximum yield of 30 % formaldehyde only (Fig. 4b). The 
difference between stationary and transient operation mode may be understood by 
a glance at the mechanism principle of the catalyzed reaction. The methanol 
conversion takes place in the gas phase and is supported probably by sodium 
atoms which are thermally emitted from the solid at the reaction temperature [2]. 
The difference between stationary and transient runs of this reaction may then be 
due to different kinetic couplings between the thermal emission of sodium atoms 
and the net gas phase reaction in both cases. 




Figure 4: Temperature dependent methanol conversion over Na 2 C0 3 : 

a) Continuous flow operation mode. 

b) Pulsed flow operation mode. 

Methanol concentration = 7mM; residence time = 360ms. 



Approximate residence time distributions of the single-crystal microreactor are 
shown in Fig. 5a. The intensity distributions were obtained in delay-time 
experiments with nitrogen pulses passing through the reactor in a continuous flow 
of helium gas. The residence time distributions indicate a by-pass flow parallel to 
a flow through an ideal continuously stirred tank reactor resulting from the 
cooling volume (~ 3ml). For the reaction volume itself this causes a distortion of 
the radial gas flow into one with a preferential flow direction resulting in a 
broadening of residence times in the reaction zone above the sample surface. 
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First temperature dependent methanol conversion data (Fig. 5b) was obtained 
from the single-crystal reactor, thereafter. A thick, disordered and oxidized 
aluminum film was deposited on a NiAl(l 10) single-crystal substrate surface. XP 
spectra taken before and after the reaction run revealed only a slight carbon 
contamination by the reaction. XAE spectra showed an increase of the oxide film 
thickness on the aluminum film. The formaldehyde yield of 11% indicates an 
uncatalyzed blind reaction. The corresponding temperature, however, is 350 K 
lower than in the corundum capillary experiments mentioned above. As the 
substrate was not actively heated, the conversion is probably achieved in the 
quartz entrance capillary already and the reaction volume acts as a cooling 
volume only. Hence, further experiments have to invoke active substrate heating. 




delay volume [ml] 

Figure 5: First experiments in the single-crystal microreactor: 

a) Residence time distributions of the single-crystal microreactor: 

b) Temperature dependent reaction data over a thick aluminum oxide film grown on an 
aluminum metal film on aNiAl(l 10) single crystal. 
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Abstract. The application of Micro-Strip Electrode (MSE) structures as elec- 
trically steerable catalysts to induce chemical reactions in gases is investigated. 
It can be shown that, depending on the geometry, the electric field strength, and 
the gas pressure in the MSE reactor, chemical reactions can be ‘switched 
on’ and ‘off’ by applying a moderate voltage (several 100 Volt). Due to 
the micro-structure dimensions already at these voltages electrons with mA/cm 2 
current can be emitted from the solid to the gas phase without observable heat- 
ing of the electrodes. The emitted and then accelerated electrons induce in an 
electrically steerable manner dissociation with subsequent chemical reactions via 
radical formation. Since a large number of final product molecules is generated 
per released electron, the MSE act as dynamical catalysts. The gas phase near 
the MSE surface contains two constitutents: very hot electrons inducing molecu- 
lar excitation and fragmentation, and rather cold radicals, molecular fragments, 
ions and gas molecules at a temperature externally selected for the synthesis 
process. The MSE reactor provides thus a two-temperature system at a 
wide presure range, where the temperatures for molecular dissociation and syn- 
thesis can be chosen independently from each other. First stimulating results 
and possible areas of application are discussed. 

1 Introduction 

Plasma techniques are well established in chemistry and related areas of appli- 
cation [1], e.g. plasma arc processing of gaseous and liquid wastes or cleaning 
and edging of surfaces etc.. These non- thermal plasmas are created by differ- 
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ent processes, e.g. electrical discharges or electron beam irradiation. Since the 
basic plasma creation process proceeds via electron impact ionization, a plasma 
reactor must provide the following conditions: 

1. A source for free electrons, i.e. electrons must be emitted from the solid 
electrode to the gas phase. 

2. These electrons must be accelerated by the applied electric field £ over the 
free path length A to gain the minimum kinetic energy Ek\ n : 

-E'kin = £ ‘ A > E ex , 

where E ex is the energy necessary for electronic excitation, fragmentation, 
or ionization of the gas molecules. 

Condition 2 requires either a low gas pressure (vacuum conditions), i.e. large A, 
or a very strong electric field. Typically for the creation and handling of electrical 
discharges with traditional techniques is therefore a low pressure environment 
and simultaneously high voltages between the macroscopic electrode structures. 
To fulfill condition 2 at normal pressure, where A « 1 • 10 -5 cm, £ must exceed 
10 6 V/cm which is very difficult to achieve with macroscopic electrode structures. 

Electrode arrays fabricated on a micro-structure scale, however, can have 
sufficient small electrode dimensions that for moderate voltages (e.g. with 220 V 
AC) the created field exceeds the critical value E ex and a discharge between the 
electrodes at 1 bar or even higher pressure can be produced. The mean field 
between the electrodes easily exceeds 10 5 V/cm and approaches 10 7 V/cm or 
even higher values near the edges of the electrodes. Thus MSE structures allow 
at normal pressure for DC discharges or short time avalanche discharges. 

Therefore A. Oed [2] had the brilliant idea to use such structures as a new 
kind of position-sensitive discharge amplifiers to build new generation gaseous 
position-sensitive proportional counters and to replace the traditional multi-wire 
drift chamber devices [3]. In optimizing these micro-electrode devices (the so- 
called micro-strip detectors) for the use as gaseous proportional counters all 
internal discharge effects had to be eliminated. Thus in particular extremely 
clean chemical conditions in the detector had to be provided to avoid gas aging by 
chemical processes. Fighting this effect, a research group at Frankfurt university 
had the idea to use such structures to create electrically controlled large area 
discharges on MSE surfaces and to use them as a new kind of discharge reactor 
for chemical processes. 

It is obvious that MSE structures easily provide the environment, to fullfil the 
above listened condition 2, i.e. E^- m > E ex . But to build an efficient discharge 
reactor one needs also a source for free electrons in the gas phase (condition 1). 
Fortunately the MSE provides these electrons, too. If the gas pressure in the 
MSE reactor exceeds a few 10 -2 mbar and a moderate voltage of a few 100 V is 
applied to the MSE, free electrons are immediately present in the gas phase and 
the discharge covers the whole MSE surface with a typical thickness of about 
0.5 mm. 
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The MSE structures are thus acting as a new kind of electric interface between 
the solid and gas phase. They enable in a controlled manner the direct transfer 
of electric energy into kinetic energy of the free electrons in the gas phase. The 
kinetic energy is given by collisions between free-electrons and bound-electrons 
into electronic excitation of the gas atoms or molecules, and finally into a chem- 
ical reaction process. This transfer process can instantly be ‘switched on/ofF by 
turning on/off the electric field. Depending on the size of the electrode geom- 
etry large area as well as micro-scale discharges can be created with any time 
structure (nsec periodes to DC). Because of the small size of the electrodes and 
because of the short distances the ions or radicals are drifting, the discharges 
follow immediately the applied voltage and provide a very fast interplay between 
solid and gas. 

2 First MSE Test-Reactor 




Fig. 1: Schematic presentation of the MSE layout used in the first test reactor. 

All values are in /mi. 

In Fig. 1 the geometry of the used micro-strip array is shown. This MSE 
structure was designed for controlled avalanche processes in proportional coun- 
ters. The electrodes are made of thin gold strips evaporated on a glas bulk 
with a well chosen surface resistivity. The size of the used active MSE was 
about 3x3 cm 2 . It contains edges (cathode) with a length of about 100 cm 
per cm 2 . In Fig. 2 the schematics of the whole test reactor system including 
the diagnostics is presented. The test reactor made of stainless steel has a vol- 
ume of about 1 liter. Because of diagnostic limitations only NO radicals could 
quantitatively be detected via the laser induced fluorescence technique. A laser 
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beam passed the reactor a few millimeter above the MSE surface and excites the 
NO molecules from the X 2 II-groundstate to the instate. The fluorescence light 
emitted by NO molecules was detected under 90° by a photomultiplier sitting 
outside the reactor. The detected fluorescence light intensity was recorded and 
displayed on a PC system. Because of the large light absorption cross section 

303 nm 4 &2 rt*n 




this diagnostics technique works only for gas pressures below a few mbar. From 
the fluorescence light intensity the absolute NO concentration could be deter- 
mined by calibrating the system with a pure NO gas filling. From the rotational 
spectrum and the width of the absorption line the NO gas temperature could be 
measured. The reactor was evacuated before each measurement and filled with 
the reaction gas mixture. During the measurement no additional gas was filled 
in or pumped out. Thus, gas exchange within the reactor could only proceed 
via normal diffusion processes. 

3 First Results and Discussion 

In Fig. 3 the formation of NO radicals is shown for a mixture of N 2 and O 2 . 
It can be seen that by switching on/off the MSE voltage the formation of NO 
can instantly be induced. Since the laser detects only NO molecules just above 
the MSE surface the detected NO contribution does not remain constant but de- 
creases immediatly after switching off the voltage, since the formed NO molecules 
diffuse over the whole reactor volume. The measured time dependent NO contri- 
bution near the surface is proportional to the formation rate minus the diffusion 
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Fig. 3: NO synthesis with the MSE reactor 



rate. The analysis of the formation rate yields, that each free electron in the gas 
has created about 10 NO radicals. Thus about 40 eV electric energy are used 
for the formation of one NO radical. Varying the laser light frequency the ab- 
sorption profile can be measured, which reflects mainly the doppler distribution. 
From this line width and also from the population of the monitored rotational 
states the NO temperature can be deduced. We find that the NO temperature 
remains close to room temperature. 

In Fig. 4 the conversion of NO to N -2 and 0*2 and the disintegration of N 2 O 
to NO are shown. Again, one electron induces about 10 chemical reactions. 

In further tests we could show that also CH 4 can be synthezised to higher 
organic compounds. For example, the non- optimized measured efficiency for 
synthezising (H— C=C— H) from methane is nearly identical to those of optimal 
traditional plasma systems used for industrial production of acetylene. 

Depending on the gas the MSE induced discharge emitts light at different 
colours. For Xe an intense blue light emission is observed. This light is emitted 
from a region just above the MSE surface. 

These are just first tests of the new type discharge reactor based on MSE. 
Since for financial reasons we could only perform test measurements with such 
MSE which were originally produced for micro-strip detectors, the geometry and 
material of the available MSE could not be varied and optimized for the desired 
reactions. These first tests could only be used to prove the basic idea that these 
MSE can act like electrically steerable catalysts. Detailed investigations have to 
follow. 

In particular, the mechanism of electron emission from the solid electrode 
into the gas phase is very little understood and one can only speculate about the 
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Fig. 4: NO conversion (left scale) and N 2 O disintegration (right scale) with the 
MSE reactor 




Fig. 5: Electron current as a function of the gas pressure 



mechanism of cold electron emission by the MSE. As shown in Fig. 5 the electron 
emission depends strongly on the gas pressure in which the MSE are placed. 
At pressures below a few 10~ 2 mbar no measurable electron emission into the 
vacuum is seen. Then just above a critical value the electron emission increases 
exponentially reaching a saturation value. This critical pressure decreases with 
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increasing field strength. If the mechanism of electron emission would be pure 
field emission we should find some measurable current also at lower pressure. 
The sudden increase with pressure indicates that the scattering of molecules, 
radicals or ions on the sharp edges of the MSE induces the electron emission. 
According to [4] the gas constituents at the edge reduce the potential barrier for 
electron emission when they reach the solid edge. The electrons can tunnel via 
the potential well of the gas particle into the vacuum. 

The MSE induced discharge should be quite different from a plasma like 
state. Due to the very small electrode distances the electric field penetrates 
the whole discharge regime. Thus, the electric and possible ionic flux can in- 
stantly be steered by the applied voltage. Furthermore the MSE discharge will 
not significantly heat the gas. Consequently, the MSE reactor provides a two- 
temperature system: 

1. The electrons have mean kinetic energies equivalent to several 100.000 
degree temperature. This electron temperature allows the dissociation 
and to a certain degree ionization of any molecule, e.g. even dioxin. 

2. On the other side the gas, radicals or ions have average kinetic energies 
equivalent to room temperature. 

The synthesis of the fragments or radicals will proceed at relatively low (room) 
temperature. Therefore, the temperatures for a two-step chemical reaction (e.g. 
generation of radicals via fragmentation and subsequent synthesis of new product 
molecules) can be chosen in a non-correlated manner and can be adjusted to the 
optimal temperature conditions for both reaction steps. This is quite impossible 
with the traditional plasma discharge devices. 

With modern LIGA techniques even three-dimensional MSE (thin two-di- 
mesional MSE are packed together to a multi-layer structure) can be produced. 
Instead of surface printed structures grid-like MSE structures [5] can be created, 
where the gas flows through several layers of MSE. Each layer can have another 
geometry or field strength. Thus, within 0.1 mm the field strength can drasti- 
cally be varied and a large ‘electronic:’ temperature gradient can be created over 
this distance. Such adjustment of temperature gradients in three-dimensional 
structures will shift the chemical reaction far away to non-equilibrium reaction 
dynamics and allow the formation of exotic components. 

4 Applications 

The new MSE allow the creation of large area discharge layers over a wide 
pressure range and also at normal pressure with very moderate voltages. Vacuum 
conditions are not crucial for the application. Therefore, the MSE can be used 
as electrically steered catalysts to synthezise quite inert gases and to reduce 
pollution and waste. Three-dimensional MSE with open channels (the gas can 
flow through) could be used as new kind of catalysts in the exhaust of automobils, 
which can be activated just by applying a moderate voltage. 
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The MSE can be used at normal pressure for surface cleaning and edging 
even in the presence of rare gas. The electrically driven MSE would create 
excited rare gas atoms which have a hugh chemical reaction potential which can 
break any bonding. Because of the very short distance between MSE surface 
and plasma treated object the excited atoms would react quite efficiently with 
the object surface. Depending on the gas mixture also layers of material could 
be deposited at normal pressure on the surface with controled impact energy. 
Even new printers based on MSE could be developed. 

Since the MSE can produce a very efficient large area light source (e.g. cold 
Xe lamps), it can be used as cold light emitters. Depending on the electrode 
geometry small micro discharges can be created and thus many micro light spots 
can be integrated to a large area display, where each spot can be switched on/off 
with very high speed. The MSE could provide a new kind of optical display. 
The thickness of the display would be much less than a millimeter and could 
have a spatial resolution in the few micron range. 

Many other applications seem to be feasable. The elctrically driven MSE is 
indeed a new electric interface between solid and gas phase. Everywhere this 
potential provides a new technological impact the MSE could open new windows 
of scientific or industrial applications. 
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Abstract 

Advances in the development of different microfabrication technologies have 
by now enabled a status where the industrial fabrication of threedimensional mi- 
crostructures is possible almost without restrictions in design or material. Micro- 
fabrication tools like dry and wet etching processes, LIGA technology, structuring 
of photosensitive glass, laser micromachining, micro spark erosion as well as im- 
proved processes of precision engineering like micro milling enable a cost effec- 
tive mass production of microreactor components if they are combined with repli- 
cation techniques like injection molding. The outstanding meaning of these tech- 
nologies, in particular for their use in chemistry and biotechnology, is that they of- 
fer the threedimensional structuring of a wide variety of materials such as metals, 
polymers, glasses and ceramics. Numerous microreactor components are presently 
available on a prototype stage, e.g. micromixers, microextractors micro reaction 
chambers, miniaturized heat exchangers, membrane units and micropumps. All 
these devices can easily be combined to microreactors adapted to the specific pur- 
pose of the respective chemical reactions. In addition, a number of micro- and 
nanosensors as well as sensor arrays exist which can be integrated into microreac- 
tion systems for process control or parallel analysis in high throughput screening. 

1 Introduction 

Since the introduction of the first laboratory samples of miniaturized chemical 
units a few years ago, concepts of microreaction technology have gained a rapidly 
increasing attention in chemistry, reaction engineering, combinatorial chemistry 
and molecular biotechnology. Today, there is a wide variety of different microre- 
actors like miniaturized continuous flow systems or batch reaction vessels with 
typical channel or cell widths in the range of 10 - 500 pm. The common character- 
istics of these systems are the use of microtechnologies for their fabrication and 
their small characteristic dimensions, large surface to volume ratios and short re- 
sponse times. 

The progress of microreaction technology has, however, been preceded by the 
availability of suitable microfabrication technologies which allow - at reasonable 
costs - to use function specific materials for the fabrication of the components in 
the above dimensions, e.g. chemically stable polymer materials, corrosion resis- 
tant stainless steels, temperature resistant ceramic materials and many more. To- 
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day, one can say that there is a bundle of different microfabrication technologies 
fulfilling almost every requirement for microreactors: Well established microfab- 
rication procedures like wet and dry etching technologies for silicon [1], micro- 
structuring of glass [2], laser micromachining technologies [3,4], giving access to 
almost every material at a fairly good precision, LIGA technology [5,6,7] which 
offers extremely high precision for the generation of threedimensional microstruc- 
tures and a huge number of materials in combination with cost effective mass 
production, micro spark erosion [8,9] and other advanced precision engineering 
technologies like micromilling [10], microsawing and micro turning. Apart from 
the flexibility in the choice of geometries and materials, some of these technolo- 
gies are suitable for rapid prototyping and most of them can be used in combina- 
tion with others to yield complex microreactor systems with many function spe- 
cific components. 

Industrial companies and research institutes have recognized the variety of ad- 
vances in the above application fields that have become feasible by consequent 
application of miniaturization strategies. Among the most prominent features 
which have been proposed and investigated in the last two years are improve- 
ments in process control and reaction management which, in view of the inherent 
short response times, bring up visions of self optimizing feed back systems. Sus- 
tainable development concepts for distributed, ’Point-of-use’ production and the 
improvement of 'Time-to-market' are considerably stimulated by microreaction 
technology. Finally, there is the possibility to perform chemical reactions in un- 
usual reaction regimes, i.e. in regimes which were up to now not accessible due to 
safety reasons, and the numerous advantages for applications requiring highly 
parallel synthesis and analysis, e.g. in combinatorial chemistry, high throughput 
screening, drug development or biotechnology. However, up to now it is com- 
monly agreed that microreaction technology is still in its infancy and that the po- 
tential given by the design and material flexibility of modem microfabrication 
technologies is far from being exhausted at present. In consequence, this article 
has been focussed on the current state of the art in materials, fabrication tech- 
nologies and components for microreaction technology. 

2 Materials and Microfabrication Technologies 

2.1 Fabrication technologies and materials accessible by direct structuriza- 
tion 

2.1.1 Silicon micromachining 

The process of wet chemical anisotropic etching of single-crystalline silicon was 
the first process suitable for mass fabrication of micromechanical components [1]. 
This process, known as bulk micromachining, is based on the fact that the etch 
velocity depends on the crystalline directions for a number of etchants. A variety 
of simple geometric structures, e.g. grooves, channels, cantilevers or membranes, 
can be realized by means of patterned etch stop layers that are generated by litho- 
graphic and thin film processes on a silicon wafer. Bonding processes with other 
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wafers, preferably glass or silicon wafers, allow the fabrication of a wide variety 
of microfluidic structures, e.g. for microreactors or micro analysis systems. 

Highly anisotropic removal of material with much less geometrical restrictions, 
as compared to wet chemical etching, is obtained in so-called dry etching proc- 
esses using directed ions from a low pressure plasma or an ion beam generated at 
high vacuum [1 1,12]. A number of process variants exists where in most cases the 
addition of reactive gases is of major importance. Dry etching processes are not 
limited to single-crystalline materials and allow an extremely high resolution. Re- 
cent experiments have demonstrated the feasibility of extremely deep structures 
with high aspect ratios by reactive ion etching processes using low temperature 
conditions or side wall passivation techniques. This technology can also be ex- 
tended to the fabrication of movable structures using so-called sacrificial layers 
which are removed by wet chemical etching. 

Both wet and dry etching technologies are well established for the fabrication of 
numerous devices, including microfluidic components like grooves, channels or 
membranes. The commercial success of these technologies is beyond any discus- 
sion, in particular for the huge field of miniaturized sensors. However, there are 
some severe material and cost disadvantages when using silicon as a material for 
microreactor components and the usage of dry and wet etching techniques is - due 
to the advantages of other microfabrication technologies - somehow limited. 

2.1.2 LIGA technology 

The LIGA technology [5,6,7] is based on a sequence of the process steps deep 
lithography, microelectroforming and micromolding (German acronym: Litho- 
graphic, Galvanoformung, Abformung). In the first step, a threedimensional 
structure is generated by means of a lithographic process in a thick resist layer. 
This can be achieved by utilizing a laser, a high energy electron or ion beam as 
well as by standard optical- or X-ray lithography with synchrotron radiation 
where X-rays allow to produce ultraprecise microstructures with extreme aspect 
ratios. In the second step, a complementary metal structure is generated from the 
resist master by means of electxoforming. This metal structure can be used as the 
final product or as a mold insert for the third step (see section 2.2) where replica- 
tion processes like injection molding, reaction injection molding, embossing, slip 
casting or extrusion are applied for producing the desired microstructures. 

Apart from components for microreaction technology which are described in 
section 3 of this contribution, LIGA technology today has been applied to develop 
and fabricate a variety of different microproducts in application fields like infor- 
mation and communication technology (fibre ribbon connectors, alignment com- 
ponents for fibre-in-board technology, fibre-optical switches, optical couplers and 
splitters, micro lens arrays, inkjet printer nozzle heads), automotive technology 
(acceleration sensors, torque sensors), medicine technology (micropumps, dis- 
penser nozzles, various implant components) and analysis systems (micro spec- 
trometers, microelectrode devices, micro interferometers). In addition, micropro- 
ducts like planetary gear systems, positioning devices, microgrippers, microopti- 
cal components etc. have been developed with applications in several of the above 
fields. 
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It is evident that the wide range of applications which are presently covered by 
LIGA based microdevices can only be coped by a correspondingly broad material 
palette [13,14]. The recent improvements in the use of various metals and metal 
alloys are of particular interest for microreactor applications. 

Au, Cu, Ni and Ni-Co alloys were - only a few years ago - the only materials for 
which standard process conditions were established. This situation has completely 
changed and the palette is presently extended to include further pure metals, metal 




Fig. 1; Micro heat exchangers 
realized by LIGA-EDM. Top: 
Primary electrode, fabricated 
by LIGA. Material: Nickel on 
copper. Middle: Embossing 

tool fabricated by transferring 



alloys and even dispersion composites. If particu- 
larly hard microstructures are required, the stan- 
dard material is still Ni-Co, but recent develop- 
ments have enabled the electrodeposition of Co-W 
and Ni-W alloys in microstructures. For these 
materials, typical microhardnesses are in the range 
of 600 HV (at a tungsten content of about 10%), 
and can be increased up to 800 HV by a suitable 
heat treatment. 

Compound materials consisting of metals like 
nickel and micro- or nanoparticles offer excellent 
properties concerning hardness, wear by friction 
and sliding characteristics. According to the appli- 
cation, the micro- or nanoparticles consist of ma- 
terials like diamond, cBN, A1 2 0 3 PTFE etc.. 
Promising properties have been achieved, in par- 
ticular for mold inserts using dispersion compound 
materials consisting of nickel with diamond nano- 
particles. 

2.1.3 LIGA-EDM and other electro discharge 
machining technologies 

LIGA-EDM allows to extend the palette of mate- 
rials for microdevices to include also metals which 
are not accessible by electroplating. This technol- 
ogy is based on a combination of LIGA for fabri- 
cating die sinking microelectrodes and subsequent 
micro electro discharge machining (p-EDM). De- 
veloped in cooperation between IMM and the 
Swiss EDM manufacturer AGIE [8,9], LIGA- 
EDM features much smaller tolerances and mini- 
mum dimensions than conventional EDM tech- 
niques. The examples given in Fig. 1 depict the 
typical process sequence for a mass fabrication of 
microstructures via LIGA-EDM and microem- 



the LIGA electrode via EDM. bossing. In the first step, copper microelectrodes 
Material: Stainless steel. Bot- with a complex shape are fabricated by X-ray li- 
tom: Micro heat exchanger thography and electroforming (top part of Fig. 1). 
fabricated via embossing. Ma- j n success i ve die-sinking process, these LIGA 
terial. Aluminum. electrodes are used to generate complementary 
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microstructures in materials 
like stainless steel, titanium, 
weakly conducting ceramics 
(e.g. titaniumdiboride), shape 
memory alloys, etc. (middle 
part of Fig. 1). These struc- 
tures can either be the end 
product - if materials like tita- 
nium or shape memory alloys 
are required- or serve as an 
embossing tool for mass repli- 
cation in materials like alumi- 
num. 

Apart from these die-sinking 
processes using LIGA elec- 
trodes, other EDM techniques 
have also been extended to be 
used in the micrometer range [19]. EDM grinding, i.e. using fast rotating disc 
electrodes with a thickness of some ten microns, has been successfully applied to 
the generation of cooling and reaction channels down to 40 jam width at aspect 
ratios of about 15. In addition, EDM milling with cylindrical electrodes with high 
rotational speeds have been used to generate 60 jam wide channels in TiB 2 , par- 
ticularly useful for microreactor applications requiring temperature resistant ma- 
terials [19]. ja-EDM-technologies are presently expanding very rapidly and the 
systematic investigations which are under way to study the optimum process 
conditions for different materials and geometries will considerably enhance the 
palette of usable materials for microreaction technology. 

2.1.4 Laser micromachining 

Laser micromachining techniques have often been proven to be interesting al- 
ternatives for the generation of threedimensional microstructures since they allow 
a lateral shaping of materials as well as in depth and height, respectively. Since la- 
ser micromachining technologies do in principle allow to use directly CAD data 
for the generation of microstructures, they are suitable for rapid prototyping. In 
consequence, they have particular advantages for the generation of microreactor 
components in the R&D-phase where process parameters are investigated and op- 
timized. However, the serial production of microcomponents using laser light is 
not a cost saving mass fabrication process since every piece has to be fabricated 
separately. Here, Laser-LIGA [4], a technique combining microstructurization by 
excimer laser light with cost saving replication via injection molding or hot em- 
bossing, has been shown to be a very elegant method for the fabrication of mi- 
cromixers in materials like plastics or ceramics. An example for a stack type mi- 
cromixer made of A1 2 0 3 is given in Fig. 2. 




Fig. 2: Micromixer fabricated by excimer laser mi- 
cromachining and successive hot embossing. Material: 
A1 2 0 3 . 
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2.1.5 Advanced precision 
engineering technologies 

Similar advantages and disad- 
vantages as mentioned above 
for laser micromachining tech- 
nologies apply also to ad- 
vanced precision engineering 
techniques like micromilling, 
microsawing, microtuming, 
microdrilling and microgrind- 
ing. Some of these technolo- 
gies are established quite well 
and there is an increasing 
number of equipment suppliers 
in this field. Again, the tech- 
nologies are particularly suited 
for rapid prototyping and early 
laboratory samples of mi- 
cromixers are usually realized 
using micromilling. By now, 
advanced precision engineer- 
ing techniques are mostly used 
in combination with other mi- 
crofabrication procedures. Fig. 

3 shows a typical example, a Fig. 3: Combined micromixer and micro heat ex- 
combined micromixer and mi- changer unit fabricated by micromilling, wire EDM 
cro heat exchanger unit where and EDM-grinding, 
milling with a high speed 

spindle has been combined with wire-EDM, EDM-grinding and lapping [19]. 

2.1.6 Photostructurable glass (FOTURAN) 

An anisotropic etching process can also be used for the microstructuring of photo- 
sensitive glass using e.g. FOTURAN wafers fabricated by Schott Glaswerke, 
Mainz, Germany [2]. These wafers are exposed to UV light through a quartz mask 
with a chromium absorber pattern where silver nuclei are generated by a com- 
bined photochemical and heat treatment process. The exposed parts can be crys- 
tallized by further heat treatment and removed subsequently by etching with hy- 
drofluorid acid. Major advantages of using photosensitive glass are its material 
properties such as chemical and temperature resistance and, to some extent, bio- 
compatibility. 

2.2 Cost efficient mass replication and materials 

Micro injection molding is today the replication technology which is most 
spreaded for the fabrication of microproducts based on polymer materials. The 
variety of polymer materials available to fabricate microstructures for microreac- 
tion technology ranges from standard materials, like PA, PBT, PC, PE, PMMA, 
POM, PP, PPE, PS and PSU over engineering plastics like LCP, PEEK and PEI to 
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biodegradable materials like polylactide. Based on this variety of materials, char- 
acteristic properties of microstructures such as mechanical and optical properties, 
chemical stability, biocompatibility etc. can be chosen to meet the specific re- 
quirements of the application. One should remark that recent developments are 
mainly concentrated on the investigation and systematization of process parame- 
ters for the molding of the above polymer materials, as well as on the comparison 
of computer simulations to experimental investigations [15]. 

Obviously, all the thermoplastic materials mentioned above can in principle also 
be used for the replication of microstructures via hot embossing. However, since 
hot embossing processes have in most cases been applied to the replication of mi- 
crooptical structures, PC and PMMA are the materials with the largest practical 
experience. In addition, COC (cycloolefin-copolymer), a new polymeric material 
fabricated by Hoechst, is presently under test for the production of microstructures 
via hot embossing. This material has a high chemical stability and is optically 
transparent, thus being particularly suited for applications in chemical engineering 
or molecular biotechnology. 

Ceramic materials offer particularly attractive properties for microreactors, 
namely chemical stability, temperature resistance, high strength and hardness. To 
use these materials for the fabrication of microproducts, different replication tech- 
nologies are presently used and optimized. Ceramic powder injection molding 
with catalytic debindering, slurry casting using lost forms which are generated by 
injection molding of plastics and casting of green tapes with a successive hot em- 
bossing step give access to e.g. AI 2 O 3 , Zr 02 , Si 3 N 4 or PZT-ceramics [16,17]. 
These processes involve the fabrication of so called 'green’-bodies or tapes, re- 
moval of the binders and a final sintering step at temperatures up to 1800°C. They 
have some limiting factors for the dimensional tolerances of the ceramic micro- 
components, namely a high shrinkage during the sintering process, warpage ef- 
fects and, in particular, a comparatively low reproducibility. In addition, the sur- 
face roughness is not below a few microns, except for ceramic powders based on 

nanoparticles. However, 
since these materials are 
particularly expensive, 
it is in most cases pre- 
ferred to improve the 
surface roughness by a 
final grinding or polish- 
ing step. 

Molding ceramic pre- 
cursor materials into 
plastic molds and suc- 
cessive crosslinking, 
partial pyrolysis and 
sintering is also an in- 
teresting alternative to 
overcome the drawback 

Fig. 4: Photonic crystal. Material: SiCN-ceramics generated a com P ara ti ve ly high 
by pyrolysis of polyvinylsilazane. surface roughness. 







79 




Fig. 5: Single mixer unit, fabricated by LIGA and precision engineering. 



Typical precursor materials for siliconcarbonitride ceramics are polysilanes, 
polysilazanes and polycarbosilanes. The best results have been obtained using a 
commercially available poly(vinylsilazane) solution in THF of Hoechst AG, 
Frankfurt, where the polymer content is usually increased to 50 % prior to the 
molding process [18]. The example given in Fig. 4 demonstrates the advantages of 
preceramic polymers: easy filling of microstructured polymer forms due to low 
viscosity, stable green body due to crosslinking, homogeneous volume shrinkage 
without structural defects as well as smooth and homogeneous surfaces. 



3 Basic Components of Microreactors 




Looking at the great shape and material variety of microfabrication technology, it 
is evident that all elementary operations of chemical engineering can in principle 
be transferred to small scaled systems. Micromixers, micro heat exchangers, mi- 
croreaction chambers, microextractors, microfiltration units, microdosing systems, 
micropumps, microvalves and many of the according microanalysis systems are 

presently available on a 
prototype scale. There is a 
large variety of alternatives 
to build up systems of mi- 
croreactor components with 
enhanced output: As layers 
upon each other, in parallel 
or as arrays on a board. In- 
terconnection of the single 
components is possible by 
using the appropriate mi- 
croassembly procedures 
which frequently require 
microtechnology as well, e. 

, . n m in . g. for the fabrication of 

Fig. 6: Single mixing device (left) and array with 10 in- • , 

tegrated mixing structures made by LIGA. Material: s P ecia g ri PP ers * 

Nickel on Copper 
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300 pm 



300 pm 



Fig. 7: Flow channels of static micro mixers made of different materials. Left: Nickel. 
Middle: Silver. Right: Titaniumdiboride. 



3.1 Static micromixers 

While conventional mixing principles are mostly based on energy consuming tur- 
bulent mixers, micromixers use diffusion mixing of fluids. Here, the enhancement 
of the interface areas by subdividing, twisting, distorting and expanding realizes 
an effective mixing of fluids. LIGA technique and LIGA-EDM, respectively, al- 
low the fabrication of different mixer arrays in a wide variety of metals, ceramics 
or polymers which are adapted to the respective purpose of chemical and bio- 
chemical reactions. 

Typical examples of micromixers made of different materials with sinusoidally 
shaped micro channels of a width about 40 pm, are shown in Figs. 5, 6 and 7. 
Two fluid streams are arranged as a counter flow which enters a device with a 
multitude of parallel, sinusoidally shaped walls. By means of this device, the two 
streams are laminated into thin layers which are withdrawn perpendicular to the 
original flow direction. Due to the small characteristic thickness of the layers, the 
two fluids mix immediately by diffusion or, in the case of non-mixable fluids, a 
micro emulsion is generated. Comparatively large flow rates can be reached in 
micro systems through a parallel assembly of single mixing elements. Taking 
water as a model fluid, the integrated array shown in Fig. 6 can be designed for a 
throughput of 10 to 100 
tons per year at a reasonable 
pressure drop of less than 
one bar. Recent investiga- 
tions have shown that the 
mixing speed and efficiency 
exceeds by far those of 
standard macroscopic mix- 
ing devices. In addition, it 
has been found out that, due 
to the small droplet size, the 
stability of emulsions gen- 
erated in micromixers is by 
far higher than that of 




Fig. 8: Completely assembled plate-type heat exchanger 
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emulsions generated in macroscopic devices. 

3.2 Heat exchangers 

Micro heat exchangers are based on the same principles as the corresponding 
macroscopic devices. However, the characteristic dimensions of the fluid sheets at 
different temperatures as well as the thickness of the partition walls between the 
fluids are extremely small, so that the resulting temperature gradients and, corre- 
spondingly, the driving force for heat flow becomes extremely large. Because of 
the small mass of the micro heat exchanger and of the fluids contained in the de- 
vice, extremely fast and precise warm-up and cool-down processes are achievable. 
As a result, secondary reactions can be stopped immediately by cooling the prod- 
uct after the reaction, so that undesired products from secondary reactions are 
avoided and a higher purity of the desired product is achieved. It should be em- 
phasized that this property is inherent for the short response time of microreaction 
components. 

Examples for heat exchanger components in copper and aluminum have already 
been represented in Fig. 1. An assembled counter current micro heat exchanger is 
shown in Fig. 8. In contrast to simple cross-flow micro heat exchangers which are 
fabricated by mechanical micromachining, the counter current device consists of 
several mirror-imaged microstructured plates fabricated by means of the LIGA 
process. Because of the design flexibility of LIGA, the flow geometry required for 
a more efficient counter current device can be realized without difficulties and, in 
addition, a cost effective mass production by embossing using a LIGA tool has 
been demonstrated, as shown in Fig. 1 . 

The properties of such heat exchangers have been analyzed theoretically and 
tested experimentally. The measured performance corresponds very good to the 
theoretical model which precisely takes into account material and flow conditions. 
Under relatively extreme boundary conditions, a specific heat transfer rate of 
about 20 kW/cm 3 is achievable. 

It should be mentioned that a number of present developments deal with the in- 
tegration of heat exchange, mixing and reaction devices in a single ’’monolithic” 
unit. Again, such complex devices can be simply realized by means of the LIGA 
process, EDM techniques or a combination of both. 

3.3 Micro reaction vessels 

By means of the microfabrication methods described in section 2, a practically 
unlimited design variability is available for the fabrication of miniaturized reac- 
tion vessels. In many cases, these vessels and reaction volumes, respectively, are 
integrated in a reaction system with other microreactor components like heat ex- 
changers, catalyst carriers, mixers and, in particular, sensor components (see sec- 
tion 3.1.6). 

In the case of heterogeneously catalyzed reactions, a design with a large number 
of parallel channels is usually applied in order to generate a large surface for the 
catalysts in the reaction volume. Depending on the reaction and the materials of 
the channel walls, the surface is subsequently increased by means of etching, oxi- 
dation or deposition processes. Because of the small dimensions of the channels, 
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there is no difficulty to design a reaction vessel for operating at extremely high 
pressures. 

Because of the small characteristic dimensions, microreaction devices are particu- 
larly suited for photochemical reactions in strongly absorbing fluids. An addi- 
tional interesting feature for photochemical reactions results from the fact that op- 
tical components like lenses can be integrated into the walls of the reaction vessel 
which allow to concentrate the photon flux at the optimum position of the interac- 
tion region. 

3.4 Filters and Extractors 

Microreaction processes need sufficiently clean and particle-free fluids. These re- 
quirements can be met by the application of various types of microfilters which 
can be fabricated as integrated components of the microreaction systems. Fig. 9 
shows a micro filter with extremely uniform pore size of 3 pm fabricated by 
LIGA technology. A number of metal and metal alloys as well as plastic or ce- 
ramic materials can be used to fabricate such filters. Compared to the pore diame- 
ter, the thickness of the filtration membrane can be higher by a factor of more 
than 20. As a result, such filters can stand even high pressures as needed e.g. for 
some gas phase reactions or for filtration of polymer melts. In addition, cross flow 
microfiltration devices have been realized with an optimized pore geometry. An 
important application of such cross flow devices deals with the separation or con- 




Fig. 9: Micro filters with extremely uniform pore sizes (diameter: 3pm). 




Fig. 10: Membrane modules for product separation. Left: Schematic view. Right: Com- 
ponents of a demonstrator. 
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Fig. 11: Microextractor, fabricated by LIGA. Material: Nickel on copper. 



centration of living cells and other sensitive microparticles. 

For the separation of components in gaseous or liquid mixtures, membranes are 
of major importance. Microtechnological carrier devices have been developed for 
the assembly of modules comprising ultrathin, highly selective membranes. Fig. 
10 shows the principle of such a membrane module. The membrane are arranged 
between carrier plates in an assembly which is similar the plate-type heat ex- 
changer described in section 3.1.2. A demonstrator of such a membrane module is 
given in the right part of Fig. 10. Here, the interconnection of the different parts 
was done by a special laser welding technique. Such membrane modules are ex- 
tremely compact and be realized by means of a cost effective batch process using 
arrays of micromolded carrier plates. 

Miniaturization of extraction units leads to extremely short mean diffusion paths 
and, hence, to a very fast exchange process. The central part of a prototype of 
such a miniaturized extraction unit is given in Fig. 11. This unit is designed for 
countercurrent flow and the complete structure is - at maximum flux and under 
ambient conditions - equivalent to three transfer units of the water/hexane system. 
Detailed investigations are presently under way. 

3.5 Micropumps 

Miniaturized pumps and 
valves are the essential active 
microfluidic components in 
microreaction systems. The 
integration of micropumps of- 
fers the possibility of an exact 
dosage of smallest amounts of 
gases and liquids including 
also highly viscous or chemi- 
cally aggressive substances. 

According to these applica- 
tions, micropumps have to pjg \ 2 : Membrane micropump fabricated by injection 
meet various requirements. A mo idi n g anc j j aser welding. Material: PC. 
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pressure independent 
flow rate has to be 
realized by increasing 
the maximum back 
pressure of the mi- 
cropumps far beyond 
the working range. In 
addition, unwanted 
flow in forward and 
backward direction 
during inactive times 
has to be blocked to 
avoid fluidic cross 
talk. 

Such demands are 

Fig. 13: SEM view of a micro gear pump with gear wheels of met the membrane 
596 pm diameter. micropump shown m 

Fig. 12 which con- 
sists of two microstructured layers separated by a thin polycarbonate membrane. 
The pump components are made of polycarbonate by micro-injection molding. An 
adaptation to special reagents, e. g. chemical resistance against specific media, can 
be obtained by the use of other polymer materials. One should know that the 
pump in Fig. 12 is self filling and pumps liquids as well as gases. This is an es- 
sential prerequisite to enable remote controlled processes and simple process 
priming procedures. 

Further demands have to be met when highly viscous and chemically aggressive 
medias are used. Here, micro gear pumps as given in Fig. 13 have particular ad- 
vantages. The components are produced by a combination of LIGA and precision 
engineering. The pump head and the micro gear wheels can also be fabricated 
from polymers by micro injection molding. 

3.6 Analysis systems 

Fiber optical detection systems allow the on-line control of the composition of 
mixtures and the distribution of its components in the reaction volume as well as 
local measurements of temperature and pressure. Since optical components re- 
quire structures with extremely high precision, LIGA is used in most cases to fab- 
ricate walls with integrated lenses, prisms, gratings and various wave guide 
structures. In addition, precise positioning structures for optical fibres, ball lenses, 
polarizers and other optical elements have been realized. In addition, optical mi- 
cro cuvettes with wave guides and positioning structures for optical fibres have 
been manufactured which allow to carry out simultaneous measurements at differ- 
ent wavelengths using e.g. absorption or fluorescence effects. Similar systems can 
be used to control the status of running reactions by optical means. Fig. 14 shows 
such a microoptical analysis system which can also be used for inducing photo- 
chemical reactions. 
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In the field of detec- 
tion systems, scanning 
probe microscopy is 
gaining more and more 
interest, in particular in 
molecular biotechnol- 
ogy and mass screening 
where highly parallel 
measurements are re- 
quired to reduce the to- 
tal analysis time. This 
includes the well- 
known method of 
Atomic Force Micros- 
copy (AFM) as well as 
Scanning Near Field 
Optical Microscopy (SNOM), microelectrodes and tip shaped thermocouples. In 
order to demonstrated the status of technology, Fig. 15 shows a SNOM tip array 
fabricated by means of silicon micromachining. The SNOM tips consist of opti- 
cally transparent, cone-shaped silicon nitride cores which are covered by a thin 
metal layer. The dimension of the transparent aperture at the top of the tip is in the 
order of 100 nm. 

Using Atomic Force Microscopy (AFM), the topology of a surface can be ex- 
amined, wheras Scanning Near Field Optical Spectroscopy (SNOM) gives infor- 
mation about different surface materials. A combination of AFM and SNOM al- 
lows the investigation of topology and material characteristics at the same time. 
Single molecule spectroscopy and the integration of this analytical component in 
microreaction systems will lead to an in-line investigation e. g. of newly synthe- 
sized molecules. 

It should be emphasized that a number of further analysis methods are also ap- 
plicable in microreactors or high-throughput screening systems comprising such 

devices. These include 
channel structures for 
chromatographic or 
electrophoretic systems, 
interdigital structures in 
the submicron range for 
impedance measure- 
ments as well as micro- 
interferometers which 
allow to detect adsorbed 
monolayers by means of 
evanescent light. 

Fig. 15: SEM view of a SNOM array. 
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Fig. 14: Microoptical analysis system fabricated by LIGA 
technology. 
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4 Application Examples 

4.1 Homogenously catalyzed liquid/ liquid-phase reactions 

An example of an industrial application for microreactors is the synthesis of a 
special vitamin precursor. In conventional reaction systems, only about half of the 
excess heat generated during this fast and highly exothermal reaction can be dissi- 
pated leading to the formation of a hot spot. In cooperation between IMM and 
BASF, a microreactor was specifically adapted to the properties of this liq- 
uid/liquid multiphase reaction. This device, microstructured in a special alloy and 
consisting of six different layers stacked upon each other, represents a sequence of 
several process steps. 

The assembled microreactor is shown in Fig. 16. Main part of the device is a 
thin plate comprising a combined mixer/heat exchanger unit for highly effective 
heat control (see Fig. 3). This part, realized by p-EDM, enables isothermal reac- 
tion conditions even for 
highly exothermal re- 
actions. In this case, a 
hot spot of less than 1 K 
along the reaction 
chamber can be ob- 
tained. Performing the 
reaction mentioned 
above in the microreac- 
tor under these unusual 
reaction conditions 
leads to a significant in- 
crease of yield and se- 
lectivity to 90 - 95 % 

(depending on the exact 
reaction conditions) 
compared to 80 - 85 % 
for the conventional 
process [20]. The experience gained from this cooperation shows that microreac- 
tors provide very valuable data for process development and optimization in gen- 
eral, i.e. they are powerful R&D-tools - in addition to opening up completely new 
reaction regimes not accessible in conventional reaction systems. 

4.2 Non catalyzed gas/liquid reactions 

Reactions employing two immiscible phases, either liquid/liquid or gas/liquid, 
profit from the high interface to volume ratio achievable by using microstructures. 
Several contacting principles for gases and liquids are presently tested at IMM. 
New components with designs analogous to static mixers and extractors will be 
used for dispersing a gas into a liquid. Other components have a continuous gase- 
ous phase to which small liquid droplets are added. The well-known sulfite oxida- 
tion was chosen as reference system for the characterization of the mass transfer. 
The results obtained from these investigations will be used for the realization of 




Fig. 16: Microreactor for the synthesis of a vitamine precur- 
sor. 
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contacting devices for several other gas/liquid reactions, the fluorination of aro- 
matics being the most prominent. 

The latter process can hardly be realized directly on a lab-scale so that fiuori- 
nated aromatics are technically produced by circuitous routes using multi-step 
syntheses. Major aims of the miniaturization of this process are therefore the for- 
mation of large interfaces combined with a highly efficient heat transfer. Thus, 
new process regimes not realizable in conventional reactors may be performed in 
microreactors due to strongly enhanced mass and heat transfer. The corrosive na- 
ture of fluorine limits the choice of materials to special alloys or some metals like 
nickel, aluminum and special stainless steel or ceramic materials like alumina. 
However, the large experience existing in fluorine chemistry makes it rather easy 
to solve the material problem. The risk of explosions which were reported for 
many lab-scale applications is significantly reduced due to the small volumes of 
fluorine present in the reaction zone. 

4.3 Combinatorial chemistry 

Drug discovery is at present performed by a combination of high-throughput 
synthesis (combinatorial chemistry) and screening in liquid or solid phase. 

Current activities at IMM in the field of high-throughput synthesis are twofold: 
Nanotiter plates combined with special dispensing equipment are realized for the 
handling of smallest amounts of liquids by increasing the amount of samples per 
run. Integrated continuous flow microreaction systems enable the synthesis of 
larger amounts of products. The nanotiter plates are used both for combinatorial 
chemistry and screening applications and can be fabricated by low cost-mass fab- 
rication using replication processes like stamping or injection molding. 

Continuous flow microreactors with complex fluidic networks allow to perform 
multiple reactions in parallel and, thus, can be used as liquid phase synthesizers 
for lead structure search and optimization of small organic molecules. Since such 
synthesizers can be fabricated of inert materials, e.g. special metal alloys or ce- 
ramic materials, they can be applied to a wide variety of different classes of or- 
ganic reactions including aggressive reactants and extreme process conditions as 
given in metal organic syntheses. A variable amount of product in the range of a 
few milligrams to many grams can be synthesized extending that of conventional 
synthesizers. The integration of several (unit) operations in one automated system 
allows to perform reactions with high process performance, i.e. running the reac- 
tions in the isothermal and kinetically controlled regime reduces the amount of 
sideproducts and integration of separation steps increases the product purity. As a 
net result the time demand for synthesis is decreased resulting in a higher number 
of products per unit time. 

The design of microstructured screening devices which are under development 
at IMM aim at a direct link to the reaction chambers thereby combining reaction 
and detection in one system. 

4.4 Dosing and dispensing systems in molecular biotechnology 

A large volume market is presently establishing for microfabricated diagnosis 
systems based on molecular biotechnology. Miniaturization and parallelization of 
systems for the polymerase chain reaction have shown considerable progress in 
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Fig. 17: Components of miniaturized dispensing systems based on inkjet printer 
heads. 



recent years. Microcomponents for the specific detection of antigenes via immo- 
bilized antibodies have shown a similar progress and there are a couple of mi- 
crooptical, microacoustical or microelectrochemical detection methods which are 
presently under development and test. In this context, one should also mention the 
systems for microelectrophoresis, which are used for the high-throughput screen- 
ing of the human genome. Developments in the United States aim at the fabrica- 
tion of a Lab-on-the-Chip, which will - beyond any doubt - be among the most 
important mass products in this application field. By now, it is evident that mi- 
croreaction technology will be one of the essential prerequisites for a progress in 
the synthesis of new drugs, since the present systems are not able to cope with the 
rapidly increasing number of syntheses and analyses per day. 

Typical probe volumes for these applications are in the nl-range, so that mi- 
croreaction technology can in principle offer particularly interesting approaches, 
e.g. in connection with nano titerplates. However, most of the commercially avail- 
able dispensing systems are only reliable in the jil-range since they work on pi- 
petting principles. On the other hand, modified conventional inkjet systems with 
piezoelectric actuators are presently under test which are capable of dispensing 
fluids in the pl-range. However, these systems are applicable only in a limited vi- 
cosity range. LIGA has been shown to offer means for fabricating nozzle plates 
and charge electrodes for so-called continuous inkjet printer heads, where the 
precision of diameter and distance between each nozzle is suitable for ultraprecise 
dosing over distances of 50 mm (Fig. 17). Even if these components have origi- 
nally been developed for special printing applications, it is easy to adopt them and 
to combine the nozzle plates with suitable fluidic elements for dispensing applica- 
tions in molecular biotechnology. 
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5 Conclusion 

Since modem microfabrication methods allow the production of extremely precise 
threedimensional devices from a variety of different materials, a new era has been 
created for chemical and biochemical engineering. For the first time, it is possible 
to apply the success strategy of miniaturization in these fields and to follow con- 
cepts demonstrated by the living cell as the genious microreactor invented by na- 
ture. 

The present situation of microreaction technology can somehow be compared to 
the situation of microelectronics 20 - 30 years ago: At that time, microelectronic 
circuits were established in a number of specialized applications and it was said 
that integrated circuits have 'a promising potential for a number of other applica- 
tions' - the breakthrough of microelectronics and its unparalleled success in all 
disciplines of modem life was not forseeable. 

Microreaction technology may have a similar potential. This is demonstrated by 
the applications mentioned in this publication, by the concrete vision of the lab- 
on-the-chip and the production plant consisting of many microreactor chips 
working in parallel. In addition, further developments in microreaction technology 
are starting continuously, e.g. for automotive applications, for the fabrication of 
nanocolloids with almost identical sizes, for the development of automated titra- 
tion equipment, for capillary gel electrophoresis in high-througput screening ap- 
plications and in microencapsulation. Most of these activities will open up further 
application fields for microreactors. 

Microfabrication technologies were the prerequisite for the breakthrough of mi- 
croreaction technology. Meanwhile, it has become obvious that in the near future 
microreaction technology will stimulate the progress in microfabrication technol- 
ogy in a similar manner - by introducing new products, new materials and ad- 
vanced production ways. 
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0. Abstract 

There is a strong correlation between microreactors and microsystems for 
chemical and biochemical analysis. Microreactors need to be closely coupled 
to analysers, whereas in micro analysis systems a microreactor is often an 
important element. An example of a device that can be considered both as 
microreactor and as analyser, a catalytic gas sensor is presented. In particular 
the role of porous silicon material for fabrication and as support for the catalyst 
is shown. A modular concept for fabrication of micro analysis systems is 
illustrated with some components. A new capacitive pressure/flow sensor is 
presented with low power operation and a detection limit of 6 nl/s. 
Microchannels play an essential role in many micro analysis systems. 
Simulations made using the Flow3D programme based on the incompressible 
Navier-Stokes equations, give guidelines for the construction of the flow 
channel and positioning of sensors whereas the effects of the channel geometry 
on the profile of the injected plug can be predicted. Finally, a number of 
different techniques is presented to produce closed microchannels in silicon. 
Particular attention is paid to techniques that enable the fabrication of 
electrically insulating microchannels, which are of particular interest for 
capillary electrophoresis (CE) applications. 



1. Introduction 

The utilisation of (silicon) microtechnology for the fabrication of microsystems 
for (bio)chemical purposes has a growing interest. This interest is twofold: on 
the one hand, microvolume reactors are needed to carry out (bio)chemical 
reactions on a microscale [1], and on the other hand, microstructures are 
needed for the in-situ and on-line analysis of (bio)chemical species [2]. The 
latter type of systems is often referred to as Micro Total Analysis Systems 
(pTAS) [3]. Although preactors and pTAS appear to be different systems, they 
occur in practice often in combination: in microreactors rapid (on-line) analysis 
is needed, whereas microreactors often form an essential part of a pTAS. 
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Developments in microtechnology form a strong driving force for new 
microreactor and pTAS realisations. In this contribution we present several 
new technologies and devices. First, the utilisation of porous silicon is 
presented for the fabrication of a gas sensor (which in fact can also be 
considered as a catalytic reactor). Secondly, a new capacitive pressure/flow 
sensor will be described, that is designed for utilisation in a modular flow 
system. Since micro fluid handling plays a crucial role in many pTAS and 
microreactor systems, special attention is paid to flow simulation and 
fabrication technology of microchannels. 

Main aim of the flow simulations is to describe the flow and dispersion 
behaviour of injected plugs in microchannels. Microfabricated structures have 
a large potential for separation chemistry because they offer a number of 
advantages as compared to fused silica capillary-based systems. 
Microfabrication techniques give the possibility to (i) fabricate very small 
reproducible fluid channels, eventually with a large length, (ii) realise channels 
with variable cross-section in depth, (iii) vary the width (mask design) of the 
channels, (iv) integrate detection components into the fluid channels, and (v) 
decrease the dead volumes associated with interconnections. In this paper two 
new techniques for the fabrication of all-insulated channels (for capillary 
electrophoresis) and so-called buried channels will be presented. 

2. Porous silicon for gas sensing 

In catalytic gas sensors, combustible gases are oxidised at a high-surface area 
catalysts at elevated temperatures (300-600 °C). Thus, such devices can be 
considered both as microreactors and as microsensors. In conventional devices, 
this temperature can be maintained only at the cost of high power consumption 
(0.2-0.6W) of the sensor element. Such a high dissipation is a large 
disadvantage for many applications, that typically allow a power consumption 
of <10 mW. Consequently, the efficient thermal isolation of the heated sensing 
area is of crucial importance. Membrane size is the main limitation for 
convection and radiative losses, while the conductive losses depend mainly on 
the cross-section of the membrane and distance between heater and silicon 
support. 

Suspended thin membranes of mostly silicon nitride or oxinitride [4] are 
usually formed by preferential alkaline wet chemical etching often by means of 
double sided alignment. The formation of suspended silicon membranes by 
these techniques is only possible with a highly doped etch stop diffusion and 
the application of a toxic EDP etchant. In many applications, however, a 
moderately doped silicon membrane is required for reasons of electronic 
construction. 

Here we present a new technique to make a miniaturised catalytic gas sensor: 
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a) Suspension of the low mass silicon membrane is possible by a reduced 
stress nonstoichiometric silicon nitride bridges supported in a few 
suspension points along the perimeter of the membrane 

b) The silicon membrane is formed by a novel, low cost bulk micromachining 
technique using laterally selective porous silicon formation by anodisation. 
By this fully self-aligned technique no double sided alignment is required. 

c) The heating element is formed from a poly-silicon resistor in place of 
metal. The occupied area for equal performance can thereby be 
considerably reduced due to the difference in specific resistivity by up to 5 
orders of magnitude. In this scheme the suspended silicon membrane serves 
as a heat distribution plate. 




Figure 1. Process sequence for the fabrication of the micro hot-plate. 

The process sequence is shown in Fig. 1. After defining the n-regions through 
phosphorus doping, and deposition of the silicon nitride, polysilicon and 
platinum layers, the non-doped silicon was selectively anodised in dark with a 
HF/ethanol/water mixture using a computer controlled current-time program 

[5]. A porous silicon layer thickness of 72 pm was obtained, sufficient to 

2 

completely undercut the silicon membrane of 100X1 00pm (Fig.l.c). The 
removal of the porous phase, i.e. the formation of the air gap was done by 
selective etch using 2wt% KOH solution at room temperature. (Fig.l.d). 

A top view of a typical micro hot plate is shown in the optical micrograph in 

2 

Fig. 2. The membrane size is lOOXIOOpm the widths and length of the 
suspension are 20pm and 110pm respectively. A SEM cross section of the 
same structure is shown in Fig. 3. The 5 pm thick Si membrane hanging on the 
nitride suspension has a smooth bottom and well defined dimensions. Note the 
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characteristic profile of the cavity underneath the membrane. The excellent 
mechanical stability is evident even after cleavage. 




Figure 2 . Optical micrograph of the Figure 3. SEM cross section showing 

micro-hot plate showing polysilicon micro hot-plate and etched sacrificial 

heater and Pt-temperature sensor. porous silicon. 

The micro-hotplate shown in Fig.2 has been heated by constant current bias. 
The temperature was measured by the calibrated resistor of 300Q composed of 
300A Ti adhesive layer and 1000A Pt. Temperature vs. heating power plots for 
some membranes with 10 pm and 20 pm wide suspension beams indicate that 
for a temperature of 300 °C a heating power of 30 mW is needed. The 
preferred uniform temperature distribution across the low thermal mass 
membrane is provided by the silicon plate of high heat diffiisivity. 

Unfortunately, the non-optimised Pt metallisation and silicon-rich nitride 
encapsulation developed rather high dissipation losses in the heating resistor 
wiring to the bond pad. Due to the long final nitride CVD step at high 
temperature (800°C, ca. 300min) a silicidation of the Pt wiring occurred 
accompanied by the drastic deterioration of the metal characteristics (specific 
resistivity and temperature coefficient). Regarding the mechanical and thermal 
stability and reliability of operation the micro-hot plate endured between room 
temperature and a 15 mW load several hundred repeated cycles without any 
degradation of performance. However there is room for an improved design. 
The present deficiencies and shortcomings are therefore expected to be 
overcome by improved geometry and process optimisation. 

3. Capacitive pressure/flow sensor 

Within micro-total analysis systems (pTAS) there is need for controlling [6,7] 
the physical-mechanical values of a conducting liquid flow like water-based 
species. Important parameters are the pressure in the system and the flow-rate. 
For pressure-sensing mostly piezo-resistive as well as capacitive pressure 
sensors are used. Flow-rates can be measured by for example thermal mass- 
flow sensors [8] as well as differential-pressure flow sensors [9]. The presented 
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sensor comprises both functions, which makes it very flexible to switch from 
flow control to pressure control by software. 



Capacitive pressure sensors 
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Figure 4 . Cross-section of the capacitive pressure/flow sensor. 

Basically, the sensor consists of the following functions: a calibrated hydraulic 
resistor with on both sides a capacitive pressure sensor (fig.4). By measuring 
the two pressures on either side of the calibrated resistor, the pressure-drop and 
thus the flow-rate can be found. By reading only the sensor at the end of the 
resistor, the absolute pressure in the analysis system can be sensed. In 
combination with a micro-pump, a controlled flow [10] and pressure source 
can be obtained. A second option is to combine the sensor with an active valve 
to obtain a combined pressure-flow controller. For reading-out the pressure 
sensors, a capacitive principle is used which enables a low power consumption, 
high stability, and a high resolution. Combined with the Modified-Martin 
principle, this resolution can be in the order of 50 attoFarad (5.10“ 17 F). 

In figure 5, an example is shown of the measured flow-rate vs. capacity 
relation. For this measurement, sensor P 2 is connected to atmospheric pressure, 
whereas the capacity of Ci is measured at different flow-rates of demi-water. 




Figure 5. Measured flow-capacity relation (measured: pressure sensor pi, p2 is 
atmospheric). 
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This result shows that the sensor is well suitable for volume flow-rates in the 
range to 4.5 jul/s and feasibly even more, with a detection limit of 6 nl/s. 



4. Flow analysis and technology of microchannels 
4.1 Flow analysis 

Flow injection analysis is based on the injection of a liquid sample into a 
moving carrier stream (see fig. 6). The injected sample is transported to a 
detector that records continuously the absorbance, electrode potential, or an 
other physico-chemical parameter [11]. Around 1974 the first work on flow 
injection systems was carried out. Since then it has become a research area of 
growing interest. The articles published so far mainly focused upon 
experimental work and less on the theoretical background. The first numerical 
calculation of the diffusion behaviour of a sample injected into a carrier stream 
was published in 1967 [12]. A second important article was published in 1986 
by J. T. Vanderslice who nicely visualised the movement of injected samples, 
as it moves through a straight channel [13]. 



Carrier 



Reagents 




AAAMr-e 



Mixing coil 



Detector 



Figure 6. General FLA-system setup. 

In our work we simulated the effect of the channel geometry on the dispersion 
behavior of injected sample plugs. For this, microchannels with the following 
specifications were designed: 

Dimensions : 200 by 200pm. 

Material : silicon for the spacer and Pyrex covers. 

Techniques : The wafer is at both sides anodically bonded to Pyrex glass. 

For deposition of the Si0 2 /Ta 2 0 5 or Si0 2 /Ti0 2 multilayer 
mirrors, shadow masks, made by RIE / KOH etching of 
silicon are used. 



A size of 200 by 200 pm (by 40 mm ) is used for ease of construction and 
detection with the first device. The following geometries were 
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designed: 




Figure 7 Layout of the test devices 

From simulations, no significant difference in dispersion behaviour was found 
for these structures. The explication for this is that the channels are so small 
that diffusion takes place instantly, and a Gaussian profile is guaranteed. The 
simulation program can also be used for the optimal positioning of a wall- 
detector. In order to obtain the fastest response times, the incorporation of an 
obstruction in the channel may be needed. This is illustrated in fig. 8, that 
shows the concentration profile of an injected plug in a straight bend. 

The detection at these small sizes can give rise to problems. With some 
calculations and assumptions it can be seen that the length the light travels 
through the sample will (almost) be too short to get a detectable signal under 
normal conditions. A simple and cheap way to overcome this problem is to let 
the light travel repeatedly through the sample. For this purpose a multilayer- 
type mirror is used. 
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Figure 8. Simulated concentration profile of an injected plug in a straight bend. 

4.2 Technologies for fabrication of microchannels 

The etching of silicon can basically be done in four ways: wet anisotropic, wet 
isotropic, dry anisotropic and dry isotropic. For wet anisotropic etching, basic 
solutions of KOH in water are mostly used. The shape of the etched structures 
is determined by the slow-etching (111) planes. For wet isotropic etching 
aqueous acidic solutions containing HF and HN0 3 are necessary. The 
composition of the solution determines the final shape of the channel. Isotropic 
etching of silicon is a diffusion limited process, so in principle the only 
restriction concerning the shape of the structures that are to be etched is that 
they will always have round comers. 

For dry etching, a plasma etching machine is used. By varying the etching 
conditions, the shape of the channels can be varied from perfectly isotropic to 
exactly straight. Also positive or negative tapering is possible [14]. The basic 
approach for constructing channels in silicon is almost always as follows: the 
silicon ({100} oriented) is covered with a mask material, the mask material is 
patterned, and the silicon is etched using one of the methods described above. 
The channel on the left of the picture is etched isotropically, the middle 
anisotropically using RIE etching, and the channel on the right is etched 
anisotropically in a KOH solution. After etching there is a number of ways to 
proceed, depending on the desired channel configuration. The simples way to 
close the channel is by anodically bonding it to Pyrex glass. However, here we 
will focus on two techniques: one technique is used to create fully insulated 
microchannels whereas with the other so-called buried channels can be made. 
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4.2.1 Electrically insulating microchannels 

For electrophoresis applications, microchannels made in insulating materials 
are needed. One way to produce the channel is to etch it in one or two glass 
wafers and bond these on top of each other [16,17]. This method has the 
disadvantage that in glass only isotropically etched channels can be made. 
Therefore we developed so-called Ground Plate Supported Insulating Channel 
(GPSIC) method. The process is shown in figure 9. 



Silicon 






Figure 9. Process for Ground Plate Supported Insulating Channels. 

First the channel is etched in silicon. The etching process can be isotropic or 
anisotropic as described in the introduction of this chapter. The mask material 
is removed and the channel is covered with two thin layers of LPCVD silicon 
nitride (50 nm) and silicon oxide (TEOS, max. 600 nm) respectively. The 
silicon oxide is needed to be able to bond the wafer anodically to a glass wafer 
(a wafer covered with silicon nitride can not be bonded anodically). After 
bonding, the silicon wafer containing the channels is etched away using an 
isotropically etching solution, leaving the free standing silicon nitride. The 
etch-back can also be done using an anisotropic etching solution. In this case 
an extra layer of polysilicon has to be applied before applying the silicon 
nitride and -oxide layer, to prevent the appearance of 'left-over' silicon in 
comers due to the anisotropic etching. Examples of GPSIC's are shown in 
figure 10. 
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Figure 10. SEM micrographs of Microchannels fabricated with the GPSIC. 

The GPSIC process leaves channels with a user-determinable shape (they can 
be etched isotropically or anisotropically, using an etching solution or RIE 
etching), which are transparent, so they can be used in an optical detection 
system. They can be cooled very easily due to the thin walls. The thin walls are 
also a disadvantage: they can break very easily. 

4.2.2 Buried microchannels 

To avoid bonding as well as the fragile covering of the channels described 
above, we developed a method to etch channels beneath the surface of the 
wafer. Our procedure is related to the method used by French et al. [18] to 
make isolated resistor islands for use in a single crystal silicon piezoresistor 
(figure 11a). They etched narrow trenches (2 mm wide, 10 mm deep) crossing 
each other perpendicularly in the plane of a silicon wafer, using a RIE process. 
After that they immersed the wafer in a KOH solution to yield channels that 
were partly buried beneath the surface. To insulate the islands that appeared, 
they oxidised the silicon until a thick layer of oxide was formed. 

Our method is as follows [19] (figure lib): First, a deep, very narrow trench 
(typically 100 pm deep, 4 pm wide) is etched using RIE etching. After that, the 
surface of the wafer is covered with a layer of silicon nitride. This nitride also 
covers the walls and the bottom of the trench. Then the silicon nitride in the 
bottom of the trench is etched away using RIE etching, leaving the bare silicon. 
Next, the wafer is etched using one of the methods described in the beginning 
of this chapter. The nitride is removed by etching in 50% HF. The last step 
consists of the deposition of a thick layer on the wafer, that covers the walls of 
the channel, and also of the trench. The deposited layer is thick enough to close 
the trench. The materials that can be used for the layer are silicon oxide, silicon 
nitride, and polysilicon. In our case we used LPCVD silicon nitride. 




101 




Bare wafer 



Etch trench 



Grow nitride 



Remove nitride 
in bottom 



Etch channel 



Remove nitride 



Grow nitride 





Figure 11. Process sequence ((a), left) and SEM micrographs ((b), right) of 
buried channels. 

GP SIC's can also be constructed using the buried channel etching method. For 
this, after closing the trench with silicon nitride, a layer of silicon oxide has to 
be deposited to facilitate bonding to a glass wafer. After bonding, the silicon 
wafer can be etched away, leaving the free-standing channels. Disadvantages of 
the buried channel etching method are its complexity and the fact that special 
equipment is necessary, e.g. a RIE with high density source and cryogenic 
cooling. 

5. Conclusions 

It is shown that porous silicon is an interesting material for the fabrication of 
catalytic gas sensors. It can be used as bulk-sacrificial layer for the fabrication 
of free-standing membranes, and as high-surface area support for the catalyst 
layer. A new capacitive pressure/flow transducer is presented that has a large 
potential for low power operation. Flow simulation using the Flow3D 
programme show little influence of the microchannel geometry on the 
(Gaussian) plug profile. Simulation results provide guidelines for the 
positioning of wall-mounted surface detectors. Finally two new technologies 
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for the fabrication of electrically insulating microchannels (for CE) and so- 
called buried microchannels are presented. 
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Abstract. Functionalized membranes are interesting components for the control 
of mass flow and chemical reactions in microreactor systems. In the paper it will 
be shown that biomolecular membranes with characteristic dimensions larger 
than several micrometers can be applied successfully as templates for 
manufacturing of such microcomponents. The preparation of membranes with a 
highly ordered nanopore distribution will be studied. For that, two-dimensional 
bacterial surface layer (S-layer) proteins can be used as a template. S-layer 
exhibit different kinds of lattice symmetry with spacings of the morphological 
units in the range between 10 and 30 nm, and possess pores of identical size in 
the range below 6 nm. Some of them show remarkable mechanical and chemical 
stability. S-layer sheets were isolated from Sporosarcina ureae. The lattice 
constant of the 2D protein crystal equals 13.2 nm measured with atomic force 
microscopy. This 2D crystal has been used as a template for the preparation of 
metallized membranes. The metal was deposited in different ways, via vapour 
phase by pulsed laser deposition, and via liquid phase. The deposition of 
platinum, platinum/carbon, palladium and nickel will be reported. Depending on 
the amount of template coverage with metal, various kinds of functionality of the 
membrane can be achieved. Pulsed laser deposition offers the possibility to 
produce ultrathin patterned metal films. Under the condition of incomplete 
coverage of the template selective decoration of the proteins has been observed. 
Deposition of platinum or palladium clusters from the aqueous solution is 
characterised by selective adsorption on the protein surface. It allows the 
preparation of nanodisperse catalyst particles, arranged with a high geometrical 
order and surface density at the biomolecular membrane. 



Keywords. Functionalized membranes, protein layers, metal cluster, catalytic 
reaction 
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1 Motivation 

At the interface between molecular biology and materials science a new activity 
can be observed exploring the possibility how submicrometer components could 
be prepared from nanostructured biomolecular materials ( K.E. Drexler (1992)). 

In this paper we will show how self-organization of protein molecules in cellular 
membranes of bacteria can be used as a starting point for the formation of 
functionalized membranes which could be a future candidate for implementation 
in microreaction systems. 

Bacterial surface layer (S-layer) proteins have been found to be the outermost cell 
envelope components of many bacteria in almost all branches of eu- and 
archaeobacteria (W. Baumeister, and H. Engelhardt (1987), U.B. Sleytr et al. 
(1988)). They form two-dimensional protein crystals with a regular distribution 
of identical pores and gaps. Bacterial surface layer exhibit different kinds of 
lattice symmetry. Isolated S-layer subunits from numerous bacteria have shown 
the ability to reconstitute in vitro into 2D arrays with perfect uniformity over 
large areas in suspension or on solid supports (H. Engelhardt (1991), D. Pum et 
al. (1993)). That makes them almost ideal templates for supra-molecular 
engineering. First composite biomolecular - solid state nanostructures based on S- 
layers have been produced by K. Douglas et al.(1990) and U.B. Sleytr et 
al.(1989). 

We will discuss possibilities to utilize functionalized two-dimensional S-layer in 
microreaction systems. There are a number of features of self-assembled S-layer 
proteins which can be considered as a motivation to apply them in microreaction 
systems: 

• The basic units of S-layer proteins are formed with high structural 
reproducibility due to the genetic control in the living organism. 

• Isolated subunits show the ability to assemble into regular monomolecular 
arrays. Each molecular unit area of the array reveals identical 
physicochemical properties. 

• The characteristic size of structural units is in the range of few nanometers 
offering a high density of identical reaction sites at the 2D protein crystal. 

• S-layer are highly anisotropic structures with respect to their inner and outer 
surfaces. 

• The reaction site array of the S-layer can be used for selective deposition of 
further molecules in order to functionalize protein molecules. 

• Protein crystals are usually stable in aqueous environment in a wide pH - 
range. 
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2 Reconstitution of bacterial surface layer proteins at solid surfaces 

In our investigation we started from surface layer proteins from Sporosarcina 
ureae (S. ureae). The S-layer sheets were isolated from the bacteria culture. The 
cell cultivation and preparation of the S-layer is described elsewhere (H. 
Engelhardt (1986)). The S-layer preparation is stored at 4 °C in a buffer solution 
(50 mM sodium phosphate, pH 7.8, ImM MgCl 2 ) containing 0.02 % NaN 3 . 
Before the transfer to the substrate surface the S-layer preparation was diluted 
with destilled water. The adsorption of the S-layer to mica, silicon and HOPG 
was accomplished by placing a drop of S-layer suspension on the substrate for 
about one minute. Then, excess water was removed with filter paper and the 
preparation was air-dried. 

S-layer sheets prepared from cell membrane fragments exhibit typically a more 
rectangular shape with a width of about 250 nm and a length up to 500 nm ( W. 
Pompe et al. (1996)). In order to utilize them as membranes in microreaction 
systems, it is therefore necessary to recrystallize S-layers at larger scale. The 
possibility of large area reconstitution was first demonstrated by Plum and Sleytr 
(D. Pum et al. (1993)). Starting from dissociated S-layer monomers, we have 
recrystallized S-layer of S. ureae at the air/water interface. Using this technique it 
is possible to produce sheets with a characteristic size of several micrometers. 

3 Metallization of S-layer by pulsed laser ablation 

Adsorbed S-layers were metallized by means of cross-beam pulsed laser 
deposition (PLD) (A. Gorbunov et al. (1996)). PLD is a pulsed non-stationaiy 
method with extremely high pulse deposition rates, several orders of magnitude 
higher than those obtained, for instance, by resistive or e-beam evaporation. The 
plasma plume contains a relatively high content of charged particles (< 30 %) 
with kinetic energies of up to 1 keV. Thus, surface migration of atomic species, 
segregation and island growth of the film can be controlled within a wide range. 
In addition, the application of cross-beam PLD allows an effective filtering of 
both, most energetic plasma ions (E ~ 1 keV) and of the slowest portions of the 
plasma (E - 1 eV). Thus, a possible damage of the protein crystal is suppressed, 
and surface migration of thermalized particles causing island coalescence and 
coarsening of the films is reduced, respectively. 

Nickel, platinum and platinum/carbon films have been deposited onto the 
specimen by cross-beam PLD. The duration of the particle flux pulse at the 
substrate is about 10 ps. At a repetition rate of 0.5 Hz the incoming energy is 
dissipated in the substrate before the beginning of the next pulse. Thus, 
overheating of the sample above room temperature was kept smaller than 3 K. 
The deposited films are very smooth, e.g. 5 nm thick Pt/C-films deposited onto 
silicon exhibit an r.m.s. surface roughness below 0.2 nm. 

More detailed information about the growth mechanisms of a metallic overlayer 
deposited by PLD onto a S-layer template can be obtained by TEM and 
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Figure 3.1.: TEM image of S-layer sheets from S. ureae. The sample was covered with 
2.5 nm Pt/C by cross-beam pulsed laser deposition. 

subsequent image processing. Fig. 3.1. a shows as an example the TEM image of 
a 2.5 nm thick Pt/C overlayer. The deposited metal clusters appear dark. The 
reconstruction of density distribution was performed by 2D Fourier space 
filtration. The resulting image (Fig. 3.1.b) contains symmetric (Fig. 3.1.c) and 
antisymmetric (Fig. 3.1.d) contributions characterizing decoration and 
shadowing effects, respectively. Shadowing is caused by the directed deposition at 
45°. It requires that the evaporated atoms/ions are immobilised instantaneously at 
their site of incidence. Thus, the observed periodic metal distribution is strictly 
related to the topography of the S-layer template. On the other hand, surface 
diffusion will allow particle migration leading to decoration. Decoration is caused 
by specific interaction of migrating atoms with high physicochemical affinity 
sites of the template. In this case, the final distribution of deposited material 
reflects the location pattern of affinity sites rather than relief geometiy. 

In conclusion, thin metal film deposition onto S-layer by PLD allows pattern 
transfer from the protein crystal to the metal film structure. Applying this 
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method, metal cluster arrays with uniform periodic distribution and a high 
packing density can be fabricated. We got experimental evidence, that 
metallization leads to an increase of mechanical stability of the biological 
membranes. 

4 Metal cluster deposition from aqueous solution 

Heterogeneous catalytic surfaces have been fabricated by activation of S-layer 
templates with noble metal clusters in aqueous solution. The activation of 
membranes has been accomplished by chemical reduction of metal salt ions in 
presence of self-assembled S-layer protein. The formed metallic particles with a 
diameter up to a few nanometers adhere at the template. Due to the regular 
distribution of physicochemical reaction sites at the S-layer a uniform array of 
catalytic clusters is formed. 

S-layer sheets of S. ureae have been activated with Pt and Pd clusters. For Pt 
deposition, 16.5 pi of the S-layer protein solution described in chapter 2 was 
treated with 1 ml of a 3 mM K 2 PtCl 4 solution. The K 2 PtCl 4 solution was aged at 
ambient temperature for at least one day, since [PtCl] 4 anions form aquo- 
complexes with a higher reduction potential (A. Henglein et al.(1995)). After a 
time less than 30 min the S- layer suspension turned from colourless to light 
yellow getting darker with increasing reaction time. In the case of Pd cluster 
deposition, 16.5 pi S-layer protein solution was treated with 1 ml of freshly 
prepared 3 mM Na 2 PdCl 4 solution. 

The activation products have been characterized by TEM investigation. For this, 
the activated S-layer sheets were adsorbed onto carbon coated grids. The 
composition of adsorbed metals clusters has been determined by EDX-analysis. A 
typical micrograph from the standard preparation shows S-Layer sheets covered 
with well-separated, nearly spherical platinum particles (Fig. 4.1.). The formed 
metal clusters with a mean diameter of about 1.5 nm adhere at the template. Due 
to the regular distribution of physicochemical reaction sites at the S-layer a 
uniform array of catalytic clusters is formed. 

The mean distance between two particles is about 2.5 nm. It can be seen that the 
clusters arrangement reproduces the p4 symmetry of the template. This suggests 
that the particles are distributed along the crystallographic axes of the S-layer. In 
comparison to other chemical nanoparticles deposition procedures, the main 
advantage of the described method is that highly geometrically ordered cluster 
arrays can be fabricated. 




Fig. 4.1 TEM - micrograph of a S-layer after deposition of platinum clusters from a 
3 mM K 2 PtCl 4 solution 



In order to understand the process of the cluster formation at the S-layer surface 
we studied the nucleation and growth kinetics by optical spectrometry. UV-vis 
spectrometry is commonly used for the characterization of Pt soles (D. Furlong et 
al. (1984)). From that we conclude that two ways for cluster nucleation at the 
protein surface could be possible: 

(i) Adsorption of Pt 2+ - or [PtCl 4 ] 2 "-ions at specific adsorption sites at the S- 
layer surface could be the first step of the activation process. These specific 
sites are determined by the character of the metal ion and the protonation 
degree of the amino acids. Following the Pearson concept (R.G. Pearson 
(1969)) the Pt 2+ -ion is soft. Therefore, we expect S and N donor ligands 
rather than O-atoms as ligating atoms. Taking into consideration the known 
protein structure of the S-layer and the pH of the activation process, we can 
identify only histidine and tryptophan as possible ligating amino acids for a 
Pt 2+ -ion adsorption. However, the concentration of these two amino acids is 
only « 1%. Therefore, the adsorption of platinum ions at these specific 
protein sites followed by the reduction should be very selective. 

(ii) We have found that reduction of Pt 2+ to platinum atoms takes already place 
in a solution of phosphate buffer and NaN 3 without protein. Therefore, the 
activation process at the protein surface could also be started with 
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adsorption of Pt° atoms or clusters at specific S-layer sites. The mean reason 
for the adsorption could be the existence of a heterogeneous charge 
distribution at the protein surface. In this case the S-layer acts like a specific 
promoter for the particle nucleation and growth. 

The formation of Pt or Pd clusters at a protein surface can be used as first step of 
electroless deposition of other metals. For that the Pt or Pd clusters can act as a 
catalyst. The catalytic activity of the adsorbed platinum and palladium clusters 
onto the protein surface was demonstrated by the electroless nickel deposition at 
S-layers and other protein surfaces like microtubuli ( R. Kirsch et al. (1996)). 
Following the work of A. Brenner, and G. Riddell (1946) the redox process of 
electroless deposition takes place only on catalytic surfaces. It could be shown 
that only on the activated S-layer sheets it was possible to build up a nickel layer. 
Due to the strong periodic arrangement of the catalytic clusters we could grow a 
homogeneous nickel layer with a thickness of less than lOnm. On the non- 
activated S-layer sheets no electroless deposition at all could be observed. 

5 Integration of protein membranes in a microreactor 

S-layer fragments from S. ureae can be reconstituted at a water-air surface or a 
lipid layer to a larger defect free monolayer. In a second step this monolayer can 
be adsorbed at a solid state surface as a two-dimensional protein crystal. The 
observed large scale reconstitution of nearly continuous films formed from 
isolated S-layer subunits demonstrates that S-layer from S. ureae can be used as 
templates for the preparation of microstructures larger than 10 pm in size. As it 
could be shown the stiffness and strength of the reconstituted layer is fairly high. 
Thus larger apertures (typically 500 nm) at a flat substrate can be covered. For 
some applications it would be relevant to form a dense interface between the S- 
layer and the rim areas of the aperture. As it has been mentioned already, the 
differences of the molecular structure of the both S-layer sides could be used for 
the design of such a well-closing interface. A second way could be the reactive 
bonding of Pt or Pd clusters of the functionalized S-layer with reactive polymer 
coatings of the substrate, following the ideas of Braun et al.(1997). 

The formation of structured protein coverings of apertures could be a step in the 
direction to manufacture functionalized membranes for selective mass transport 
in chemical reaction systems. 
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Abstract. Arrays of micro compartments for combinatorial chemistry and biotech- 
nological applications have been fabricated by means of photolithography and ani- 
sotropic chemical wet etching. Integration levels of 16'000 per 4" wafer have been 
achieved. Optically transparent membranes or micro sieves allowing for rinsing 
between process steps can be incorporated. For the investigation of thermally acti- 
vated biochemical reactions a micro compartment array with integrated thermo 
control has been developed, which allows the adjustment of thermal gradients over 
a 4" wafer. Peak temperatures exceeding 90 °C at the center of the wafer as well as 
temperature gradients with AT = 40 °C could be demonstrated. To avoid fluidic 
crosstalking between adjacent compartments a technique has been developed, that 
allows selectively hydrophobizing the rims of the compartments. 

1 INTRODUCTION 

New trends in modem chemistry and biochemistry, such as combinatorial chemis- 
try or evolutive strategies in biochemistry [1,2], demand for highly parallel and 
automated equipment to take into consideration the huge number of possible 
sequences, composed e.g. of nucleotides or peptides [3 ,4, 5, 6]. Because these mole- 
cules can be combined in numerous ways, there is strong need both for new and 
efficient strategies and techniques as well as for appropriate tools to handle sam- 
ples in billions of variations. This is especially tme for such ambitious applications 
as the human genome project [7] but also for fields like medicinal diagnostics and 
the search for agents in modem pharmacy. 

At the present, if working with micro titer plates the degree of parallelization is a 
few hundreds of samples. However, the volume of a single well is in the range of 
sub -ml to several jul, which has the consequence that the corresponding consump- 
tion of the (often very expensive) biochemical substances is comparatively high. 
Therefore future techniques require a much higher level of miniaturization and 
parallelism with volumes of the single compartments of / il and below. 

For the fabrication of smaller reaction vessels, silicon is a material which offers 
a lot of advantageous properties: it is comparatively insensitive against organic 
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solvents and has a high biological and environmental compatibility. Also the sili- 
con surface can be chemically modified if necessary, to account for special 
requests in modem molecular biology. Last not least silicon benefits from highly 
developed and sophisticated technology of micro electronics and micro system 
technology. These advantages make silicon a good candidate for the development 
of highly integrated arrays of reaction vessels matching forthcoming requirements 
of biochemists and molecular biologists. 

In this paper we present arrays of micro compartments in the range of 0. 1 fil and 
below, which we call nano titer plates. Integration levels range from 100 compart- 
ments on a single chip up to more than 15'000 on a 4" wafer. The nano titer plates 
are fabricated from silicon by means of photolithography and anisotropic chemical 
wet etch. Optically transparent bottom membranes and micro sieves make them 
suitable for optical screening techniques and rinse steps necessary in biotechno- 
logical applications. To allow for precise thermal control of biochemical reactions 
thin film resistors have been integrated which act as heaters and temperature sen- 
sors. Furthermore we have investigated the liquid evaporation from the micro 
compartments, which is often a critical factor for the handling with small liquid 
volumes, and developed a technique to avoid fluidic crosstalking of neighbouring 
compartments by an appropriate surface modification of the compartments. 

2 FABRICATION OF NANO TITER PLATES 

Our nano titer plates were prepared by means of anisotropic chemical wet etching 
technique using NaOH. Besides this technique is very cost effective it also pro- 
duces very smooth and exactly defined surfaces. With this technique the shape of 
the compartments is defined by the crystallographic {lll}-planes of the silicon. 
For the fabrication of the nano titer plates we used both conventional 4 inch (100)- 
Si wafers and (110)-Si wafers, double side polished in all cases. The wafers were 
covered with a sandwich system of Si0 2 /Si 3 N 4 by a standard LPCVD-process. 
This layer system is used as etch mask for the wet etch step and is also best suited 
for the preparation of stress compensated optically transparent membranes or 
micro sieves. 

The main technological steps are as follows: optical lithography was performed 
on the spin coated wafers. The resist structure was transferred by wet etching on a 
Si0 2 -layer, which acts as mask for the patterning of the Si0 2 /Si 3 N 4 multi layer 
deep etch mask. This step is performed in hot phosphoric acid. Finally the actual 
deep etch process is carried out in NaOH at 80 °C. 

If standard (100)-Si wafers are used for the preparation of the nano titer plates, 
the geometry of the reaction chambers are inverted pyramids with side wall angles 
of 54.74° relative to the wafer surface. The bottom width of the pyramids Wbottom 
is given by the top width (the opening of the etch mask) W top and the wafer thick- 
ness d: 

W Bo„o m = W To p -^d 
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This shape limits the total number of the chambers, which can be achieved on a 
given area. Using standard (100) wafers with a thickness d -500 jm a chamber 
density of 100 /cm 2 can hardly be exceeded. We have fabricated nano titer plates 
with a large scale of compartment numbers. The smallest contain 100 compart- 
ments with a volume of 140 nl on a 12 x 12 mm 2 while the largest combines -6000 
compartments on a 4” wafer. 

The bottom of the compartments is built by the SiCVS^^ sandwich layer 
(thickness -700 nm), which is optically transparent. Semi transparent membranes 
or partly or totally opaque membranes can also easily be prepared to meet various 
spectroscopic requirements. If there are rinsing steps required for certain applica- 
tions, e.g. the synthesis of substance libraries, the membranes can be patterned to 
form micro sieves. Micro sieves with pore diameters down to 7 jum have been pre- 
pared by chemical wet etching, which requires only one additional photolitho- 
graphic step. Even smaller pores with diameters down to 800 nm have been fabri- 
cated by dry etching and a special protection technique based on silicone and have 
been successfully used as carriers for electron holography of DNA [8]. 

If the micro sieves are not required, the nano titer plates can be anodically 
bonded to glass substrates. This gives an excellent mechanical stability of the nano 
titer plates and makes them best suited e.g. for FCS. 

To increase the integration level we used special thinned wafers (d = 275 pirn) to 
prepare nano titer plates with 784 micro compartments on a 15 x 15 mm 2 chip 
(fig. 1), which yields ~16'000 per 4" wafer. The volume of the micro compartment 
amounts to 20 nl. 

The same integration level but with improved compartment volume can be 
achieved using (1 10)-Si. Here micro compartments with vertical sidewalls are pos- 




Figure 1: Nano titer plate with 784 micro compartments on a 15 x 15 mm 2 chip. The 
volume of a single compartment amounts to 20 nl. 
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Figure 2: Array of micro compartments etched in (1 10)-Si. The 4" wafer contains 35 chips, 
each with 448 micro compartments. Note the micro sieves integrated to the bottom 
membrane. 



sible with rhombic cross sections. The remaining {111} planes build a wedge, 
which stands out into the chamber. This can be completely removed if the chamber 
is etched from both front and back side of the wafer and the chamber width pro- 
jected on the [00 Indirection exceeds the minimal width of ^2 d. Perpendicular to 

this direction the compartments can be made as small as technological possible but 
should be at least 150-200 fim to allow for convenient liquid handling. 

We have prepared micro compartments from (1 10)-Si. SEM graphs are shown in 
figure 2. The back side of the compartment is covered by a sieve membrane with 
pore size 12x20 /um 2 . This requires an additional short isotropic etch step, which is 
carried out in perchlorate etchant. The size of the compartments is 280x700x 
485 jim 3 , which calculates to a total volume of 90 nl. Chips consisting of an array 
of 448 micro compartments have been prepared, which amounts to ~3 80/cm 2 or a 
total of ~ 15*000 per 4” wafer. Using (110)-Si wafers with a smaller thickness an 
integration level of ~50'000 per 4" wafer is feasible. 

3 INTEGRATION OF ELEMENTS FOR THERMO 
CONTROL 

In biochemical and molecular biological experiments there are often thermally 
activated reactions or reactions that require a well defined temperature. In some 
cases the optimum reaction temperature isn't known at all. We have therefore 
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developed nano titer plates with integrated heaters and thermo sensors, that 
enables the experimenter to carry out biochemical experiments simultaneously at 
different temperatures on one single chip or wafer. This is made possible by 
adjusting a temperature gradient generated by a series of thin film heaters. Tem- 
perature can be controlled by another series of thin film resistors, which act as 
thermo sensors. 

The thermo control elements are integrated on a 4" nano titer plate with 3700 
compartments, that are arranged in groups of 100 in a chip-like manner. This gives 
the necessary space for the thermo control elements and also has the advantage to 
allow for rinsing of each chip region independently from the others. The thermo 
control elements are built standard thin film techniques and fabricated by sputter- 
ing layers of platinum (thickness -200 nm) and aluminum (thickness -800 nm), 
which were patterned by means of photolithography and ion beam etching (IBE) 
and chemical wet etch, respectively. Finally a layer of Si02 (~1 jum) was deposited 
by PECVD for electrical isolation of the active layers. 

4 heaters are placed at the center of the wafer and additional 8 heaters are placed 
at half the distance from the wafer center to the rim in a symmetrical arrangement. 
The arrangement is designed to allow the generation of up to 100 °C at the central 
part of the wafer. The temperature can be controlled by 49 resistors, 37 of them at 
the center of each chip area. The remaining are placed on the 4 axis between the 
chip areas to allow for a precise determination of the temperature gradient. The 
thermo controlled nano titer plate was glued to a PCB, which allows independent 
access to every sensor and heater. The electrical connections were built by ultra- 
sonic wire bonding. 

First results of this thermo controlled micro compartment array are given in fig- 
ure 3, which shows the temperature distribution across the wafer. The system was 
driven by the 4 central heaters with an electrical power of up to 6.9 W (circles). 
The variation of the data at a given radius arises from measurements in the 4 quad- 
rants of the wafer. Cooling was accomplished via the surrounding air (T = 27 °C), 
no active cooling was required. As can be seen temperatures exceeding 95 °C can 
easily be generated in the central region. More important, temperature gradients of 
more than AT = 40 °C across the wafer radius are possible. 

The temperature difference relative to the surrounding scales almost linear with 
the supplied electrical power. With an electrical power of 3.2 W (squares) the tem- 
perature ranges from 60 °C at the wafer center to 40 °C in the outside diameter. 
Experiments using the additional outermost heaters have not been performed so 
far. We expect a smoother decay of the temperature distribution, so more of the 
micro compartments can be set to a higher temperature. In this way the peak value 
at the center could be lowered and liquid evaporation will be reduced. 
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Figure 3: Temperature distribution across the micro compartment array, if driven with the 4 
central heaters. Electrical power supplied was 6.9 W (circles) and 3.2 W (squares). Zero 
position is at the center of the wafer. The variation of the data at a given radius arises from 
measurements in the 4 quadrants of the wafer. The lines only serve as a guide to the eye. 



4 LIQUID HANDLING 

The two major problems if handling with small liquid volumes on sub -mm areas 
are the evaporation and the avoiding of fluidic crosstalking between neighbouring 
spots or compartments. For the precise dispensing of liquids in the nl and sub-«/ 
range there are now various systems available, which most often use the ink jet 
principle with piezo-electric actuators[9]. 

Concerning the evaporation of liquids the most important influence comes from 
temperature and composition of surrounding atmosphere (e.g. the relative humidity 
in the case of aqueous solutions). However, the size of the orifice through which 
vapour molecules can escape the compartment will also play an important role. 

We have examined the evaporation of pure water from micro compartments 
using three different shapes of compartments with pyramidal, vertical and inverted 
pyramidal sidewalls [10]. In the case of inverted pyramidal compartments the 
complete evaporation lasts almost 25 min which is an improvement of a factor of 
3.5 compared to standard pyramidal compartments. This gives enough time for a 
lot of biochemical reactions to be carried out. 

In order to avoid the fluidic crosstalking between adjacent compartments we 
have developed a technique to selectively hydrophobize the rims between the com- 
partments while the sidewalls of the compartments are hydrophilic. The technique 
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Figure 4: Water filled in compartments with hydrophobized rims between the compartment. 
No fluidic crosstalking between adjacent compartments takes place, even if the fluid 
volume exceeds the compartment volume. The white bar in the picture is 800 jum. 



consists of 3 major steps: first a thin Au-layer is evaporated on the nano titer 
plates. Then a alkanethiol is transferred to the rims between the compartments 
using a elastomeric stamp, on which the alkanethiols form a self-assembled mono- 
layerfll]. The thiol group binds very strong to the Au-surface. Finally the side- 
walls can be hydrophilized e.g. with thioglycerine or the Au-layer can be selec- 
tively etched, restoring the silicon sidewalls and the optical transparency of the 
bottom membrane. 

Results are shown in figure 4: compartments that are treated in such a manner 
are filled with water, that piles up because the hydrophobic compartment rims pre- 
vents wetting. The estimated volume of water per compartment is 250 nl which 
compares to the compartment volume of 140 nl. No fluidic crosstalking takes 
place. 

5 SUMMARY 

Arrays of micro compartments have been prepared from (100)- and (110)-Si with 
integration levels of up to 16*000 per 4" wafer and compartment volumes of 
~100 nl and below by photolithography and anisotropic chemical wet etching. The 
compartments are best suited for combinatorial chemistry and biotechnological 
applications such as micro synthesis or analysis especially due to the possibility of 
integrating optically transparent bottom membranes and/or micro sieves. A new 
type of thermo controlled micro compartment arrays has been fabricated by means 
of standard thin film techniques. First characterization measurements show that 
temperatures up to 100°C and temperature gradients exceeding 40 °C can be real- 
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ized. To avoid fluidic crosstalking between adjacent compartments a technique has 
been developed, that allows to selectively hydrophobize the rims of the compart- 
ments. 
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Abstract. In this paper we describe a method to synthesize a variety of different 
oligonucleotides in a quasi parallel procedure on the surface of a polypropylene 
tape. The relation between necessary chemical coupling steps n and thus generated 
oligonucleotides m with a length of e.g. 15 monomers is: m = n -14. To get a high 
synthesis throughput and the possibility of an overnight run, the system has been 
fully automated. To start the synthesis, only the desired sequence programming is 
necessary without further control of the system. 



Keywords. Oligonucleotide synthesis automation, Oligonucleotide library 



1 Introduction 

The synthesis of a large number of defined different oligonucleotides on a single 
solid support has become very interesting in molecular biology. The main keyword 
used in this context is oligonucleotide library or oligonucleotide array. Such arrays 
are used as tools in the diagnostic of gene mutations, for specific biomolecule 
interactions or for the synthesis of primers [1-9]. Differences are often made in the 
arrangement of the single elements. This is classified as one dimensional, if 
elements are displayed in a line, or two dimensional, if displayed in a matrix. 

Efforts are done in reducing the size of arrays and increasing the number of 
biomolecules on these arrays. Due to the size reduction and the increase in density 
the discrimination between different elements gets much more difficult. Another 
problem is the automation. At such small sizes the defined addressing of the 
elements during the synthesis is not trivial. These difficulties often make an 
automation too expensive or impossible. What points are necessary for the 
synthesis of an array system? First of all, it has to be fully automated, so that no 
further manual operation is needed. Next, the elements have to be separated very 
clearly, to make the identification of the different elements easy. We have 
constructed a fully automated synthesis procedure, which allows a very easy 
identification of the different elements and furthermore only needs the desired 
sequence to be programmed in the synthesizer. 
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2 Materials and Methods 

2.1 Preparation of the Polypropylene Tape 

The PP-tape, a gift of Lenzing AG, A-4860 Lenzing, Austria, had a thickness of 
75pm and a width of 2cm containing no additives. We have previously described 
the functionalization of the tape [2] by an oxidation/reduction procedure yielding 
hydroxyl groups. The nucleotide loading capacity on one side of the tape was 
determined to be 3 - 7 nmol/cm 2 . 

2.2 Chemicals, Materials and Hybridization Conditions 

The chemicals for oligonucleotide synthesis were purchased from 
EppendorfTBiotronik. The constructed set up was connected to the commercially 
available synthesizer EppendorfTBiotronik D300. For the synthesis we used self 
programmed routines with chemical waste amounts near to the commercial 
0.2pmol cycles. 

The biological hybridization reactions were carried out with a specific 
radiolabelled target sequence (5 " a(ga) 10 -3 ) in a buffer solution containing 5 x 
SSC and 0.01% SDS. The hybridization temperature was 22°C for lh, and then 
washed in 5 x SSC 2 times. The autoradiograms were done with films from AGFA 
(CURIX RP1.000G X-ray film). 

3 Results 

3.1 Synthesis Module 

The synthesis module (Fig. 1) has been described in a previous publication [1]. 
The meander shaped reaction chamber allows a very good discrimination of the 
synthesized elements and, due to the tape, an array in any length can be 
synthesized. 



Inlet (from synthesizer) 



Bottom view of part A: 




Part A with meander shaped 
reaction chamber (Teflon) 



Part 6 with cut in guide (Teflon) 
Outlet (to synthesizer) 



functionalized polypropylene film 
Fig. 1 : Synthesis module with meander shaped reaction chamber 




inlet 



For the synthesis procedure, the tape is moved after every coupling step (Fig. 2, 
A1-A3). For this, the module has to be opened, and the tape is transported in such 
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a manner, that the synthesized sequences move from one panel field to the next 
(Fig. 2, A2). 

Due to the alternating panel connections, it needs two movements to elongate 
sequences located at these parts of the tape. This means, that after 15 coupling 
steps the first oligonucleotide with the desired length of 15 monomers is 
synthesized on the tape at the panel number 15, but only a 7-mer with totally 
different sequence is synthesized at the connections (Fig. 2, A3). In a normal 
hybridization experiment these connections will not contribute a signal and the 
elements can clearly be separated. We would therefore expect an experimental 
result after hybridization as shown in Fig 2, B. With this module it is possible, to 
synthesize all overlapping sequences of a gene or region of interest with a 
minimum of chemical coupling steps. 



Reactionchamber 

outlet inlet 




moving the polypropylenestrip 1 4 x 5mm 
A3 (coupling 15 nucleotides) 



c 



mri 



15 



1-15 




nucleotides 
coupled to 
the tape 



D 

D Synthesizing 24 nucleotides: 

Ftrnels 1 ~ 

miieiiiiiiimimiiiinnmiiegflEisi! 

38 24 15 1 



Fig. 2: Description of the synthesis procedure for overlapping sequences 

3.2 Automation 

The procedure of opening the module and moving the tape has been done in the 
first experiments manually. For larger arrays or a run over night it is necessary, to 
automate the whole procedure. This was realised by using a mechanical pneumatic 
press for the sealing of the module, which is connected to the synthesizer, and a 
stepper motor for the movement of the tape. All components were handled by the 
control unit which is communicating with the synthesizer. For an easy handling we 
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have realized a unit with a microcontroller SAB80C535, three input keys and a 
liquid-crystal display (Fig. 3). 




Fig. 3: Complete synthesis unit with pneumatic press, synthesizer and mechanical set up for 
tape transportation 

After every synthesis step the synthesizer sends a signal to the control unit. With 
this signal the automated process starts with opening the press, moving the tape 
and then closing the press for the next coupling step. This procedure is repeated 
until the last coupling step has occurred. 

Several parameters can be set for the synthesis procedure in the control unit to 
get a maximum of flexibility and the ability to use the automation with different 
synthesis modules. These parameters are the length of tape transportation (down to 
100 pm with an minimum accuracy of 20pm), waiting time after receiving the 
signal from the synthesizer and a signal counting (e.g. tape movement after 2 or 3 
coupling steps and signals from the synthesizer). The parameters like tape feed or 
timer value can be entered by three input keys. These keys are placed in a box with 
an LC-Display. The function of the keys and the operating status is permanently 
shown by the display. The parameters are stored permanently in an EEPROM 
(electrical erasable programmable read only memory). In Fig. 4 the block diagram 
of the complete automation is shown. 

The tape transportation is done with barrels. The front barrel pair is driven by the 
stepper motor and a flanshed gear with a ratio of 1 :6. The rear barrels are retarded 
to assure that the tape is straightened during the whole synthesis procedure. 
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Fig. 4: Block diagram of the controlled setup 

A data memory is used to keep the last settings of parameters after turning off the 
power. 

To be sure that enough tape is left for the synthesis, it’s existence is permanently 
controlled by an optical sensor with a feed back to the control unit. If the end of 
the film has been reached, the optical sensor causes the microcontroller to stop the 
automatic procedure and to close the pneumatic press. 

3.3 Mechanical Setup 

The synthesis module (Fig. 1) is fixed between two steel plates (Fig. 5). Part A 
with the meander structure of the module is aligned to the upper plate and pressed 
by the pneumatic press onto Part B. The pressure power for sealing the module is 
6.2kN. To open the module, we used plate springs, which were counteracting with 
the press. For the transportation of the tape, the air pressure of the pneumatic press 
is released and the plate springs can open the module. 




Fig. 5: Mechanical setup with synthesis module and stepper motor 
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The stepper motor needs in half-step mode 400 steps per rotation. The gear has a 
gear ratio of 6 and the steel barrel has a diameter of 14 mm. By each step of the 
motor, the increment of movement is 20 pm. The control unit allows a tape 
movement down to 100pm, and therefore the accuracy of the setup (20pm) is 
sufficient for the minimum transportation movements. 

3.4 Experimental Results 

For our first tape we synthesized an alternating CT sequence 
on the functionalised polypropylene surface (Fig. 6). The 
synthesized sequences with the length of 15 monomers have 
the following sequences: 

3’ CTC TCT CTC TCT CTC 5’ (panel 15 - 29, odd 
numbers) and 

3’ TCT CTC TCT CTC TCT 5’ (panel 16-30, even 
numbers). These sequences are flanked at the top and the 
bottom of the Fig. by the shorter homologue sequences. The 
first panel in Fig. 6 is the number 8, and the last at the 
bottom is number 35. The panels with number 1-7 and 36- 
44 are not shown, because there was no binding of labeled 
probe at the experimental hybridization temperature of 
22°C. 

This hybridization with a complementary labeled target 
shows the specificity of the reaction and the very good 
discrimination of the elements synthesized on the tape. As 
prognosed in Fig. 2, B, the alternating panel connections 
with the totally different and shortened sequences do not 
interact with the target sequence. 

4 Conclusions 

Here we described a fully automated system to synthesize a 
large amount of oligonucleotides in a quasi parallel manner. 
The setup is held very flexible, and therefore this setup can 
be used for any desired synthesis module, e.g. a module with 
more or less panels. The smallest step of tape transportation 
allows a module construction scaled down to 1 00 pm for the 
panels. This would reduce the necessary space and the 
necessary chemicals for synthesis. The use of this device in 
an over night run allows the synthesis of large arrays with 
hundreds of sequence overlapping oligonucleotides. 
Scanning the structure of complete RNA molecules for 
finding structure motifs are know feasible, as well as 
scanning larger genes to identify mutations. 

Fig. 6: First experimental results with the automation. Autoradiogram of a labeled sequence 
(A(GA) 10 ) hybridized to the corresponding sequences (C(TC) 7 and T(CT) 7 ) synthesized on 
the tape. 
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1. Introduction 

The technology needed to produce structures at micro scales has improved 
significantly over the past few years. This has opened up new opportunities for 
engineering compact, efficient fluid flow systems on a micro scale. Small 
channels created within the microprocessors automatically involve very short 
diffusion, conduction and mixing path lengths, so that mass, heat and momentum 
transfer rates are extremely high. This allows microreactors to be produced which 
exert close control over stream temperatures and compositions, even for very 
rapid reactions. A further benefit of microengineering will come from the ability 
to integrate the control devices and sensors into a single unit and the combination 
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of different units into a complete compact chemical processing system. Ultimately 
microengineering is another arm of process intensification and as such should 
considerably enhance the reduction of plant size and the improvement of plant 
safety. 



2. Microreactor Development 



Short diffusion path lengths are crucial for rapid reactions in diffusion limited 
liquid-liquid, liquid-solid or liquid-gas systems. The narrow widths produced by 
microchannel flow offer an excellent location to perform these reactions. The 
Microreactor project is aimed at utilising parallel multiphase flow through narrow 
channels to intensify diffusion limited reactions. The possible advantages over 
conventional reactors have been identified as, 

Easy liquid-liquid phase separation - liquid streams could be split at the end of 
the reactor channel into separate outputs containing mainly one phase. This would 
reduce the post-reaction separation work load. 



Ease of scaling - increasing the scale of these systems is simply a matter of 
adding more channels. Thus the fluid dynamics remain the same and testing at 
different scales becomes mostly redundant. 
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Compact - small intensive size of systems allows cost effective use of more 
expensive manufacturing materials. This should facilitate low inventory specialist 
chemical production. 



3. First Stage - Flow Visualisation 



A heterogeneous liquid-liquid reaction was chosen as the first area in which to 
apply a microreactor. The first stage of experimental work was to study liquid- 
liquid flow in narrow channels. Calculations of dimensionless groups shown in 
table 1 had shown that flow should be laminar at these scales. Calculations had 
also indicated that surface tension should be the dominating influence on the flow 
at the sub-millimetre scale and outweigh the effects of buoyancy, momentum and 
viscosity. 



Table 1: Dimensionless group magnitudes for lcP liquid at 1 cm s" 1 
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4. Visual Results 

Photographs were taken of the flow in 500mm to 3000mm wide channels with 
depths of 200 mm to 800 mm. These channels were an order of magnitude greater 
than those envisaged for the final reactor but they allowed easier observation and 
manufacture whilst still preserving the general behaviour as indicated in table 1 . 

The results showed that stable parallel liquid-liquid flow could be achieved at 
these scales and that surface tension did dominate the flow. Figure 1 shows the 
irregular flow patterns observed for slower flows in wider channels whilst figure 2 
shows the ideal parallel liquid-liquid flow required for efficient reactions. Gas- 
liquid flow was also briefly examined. It was found that it was possible to achieve 
parallel gas-liquid flow as shown in figure 3, but only for a narrow flow range and 
with a limited stability. Parallel liquid-liquid flow did not always occur and could 
be replaced by regular droplet flow as shown in figure 4. 




Fig. 1 : Irregular flow patterns observed in larger channels a low velocity 
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Fig. 2: Ideal parallel liquid-liquid flow in a 500 pm by 400 pm channel 




Fig. 3: Gas-liquid flow - Parallel streams are difficult to stabilise 




Fig. 4: Regular droplet production - Droplet frequency 37 Hz 
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The separation of the liquid flow into two parallel streams, as shown in figure 5, 
was also examined. The results showed that for stable parallel liquid-liquid flow 
the liquid phases could be split into different output lines thus reducing the 



separation workload. 




Fig. 5: Phase splitting - Liquid streams are channelled into separate outlets 



5. Conclusions 

The results from the visual analysis have lead to the following conclusions about 
fluid flow in sub-millimetre channels. 

• The stable parallel liquid-liquid flow needed for the envisaged reactions is 



achievable at these scales. 
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• Parallel gas-liquid flow may also be achievable but is much less stable than 
liquid-liquid flow. 

• Nearly complete separation of phases into different output streams should be 
possible thus reducing the post-reaction workload. 



6. Reactor Scale 

Calculations based on diffusion profiles (Crank, 1975) have indicated that 
complete mixing can occur in channels below 100mm wide over time periods of 
seconds. Calculations have also indicated that pressure drops would become 
excessively high for channels below 25mm. Reactor channel widths would 
therefore be limited to between 25mm and 100mm with 1000s of channels 
running in parallel. Further work is in progress to test the performance of such 
reactors for specific liquid-liquid reactions. 
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1 Introduction 



Remarkable features of ceramic materials are the high hardness and the high corrosion 
resistance. These properties are highly appreciated by application, but pose serious 
problems in respect to machining. This difficulty can be overcome by laser machining. Hard 
and brittle materials like ceramics or temperature sensitive materials like polymers can be 
machined with precision in the pm-range. Laser technology has been applied for 
manufacturing of micro-scale components in electronics and micro systems technology. 
Laser-assisted etching of read/ write heads for hard discs IV, drilling of vias in printed circuit 
boards 121, or drilling of ink jet nozzles for printer heads IZI has been proven as reliable 
techniques. The experience in production technology gained there could be easily 
transferred to the production of micro-scale fluidic or mechanical devices. Depending on 
requirements, nearly all materials could be structured by laser radiation. In the following, 
examples for laser machining will be given. 



2 Ablation of polymers 



Excimer lasers are well known as excellent tools for the ablation of biological or macro- 
molecular materials /4/. Due to the high photon energy of the UV-radiation most polymers 
exhibit strong absorption of the laser radiation. Depending on the absorption coefficient of 
the materials, the optical penetration depth is typically 1 pm or less. This results in very clean 
cuts or bores with a negligible heat affected zone. Patterning of grids with 100 nm spatial 
resolution has been demonstrated 151. Short wavelength laser (ArF, X = 193 nm) offer 
highest precision, but suffer from low processing speed. For practical reasons, a mid-UV 
KrF-excimer laser (X = 248 nm) will be more suitable. 

Structuring of polymers by excimer lasers is preferentially done by a mask projection 
schema, where the laser beam is shaped and homogenised to illuminate a mask. The mask 
is imaged onto the substrate by a projection lens in reduced size. Therefor the pattern on the 
substrate is defined by the pattern of the mask. A mask could be made by laser cutting from 
thin sheets of steel or by a lithographic process, where a thin chromium film on quartz 
substrate is coated by a resist and structured by e-beam scribing and subsequent etching. In 
our set-up, we use a KrF excimer laser and a reduction of ratio 4:1, where the size of the 
mask is of 20 x 20 mm 2 resulting in a patterned area of 5 x 5 mm 2 at the substrate. 
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Nano-titre plates for biotechnological applications are preferentially made from optically 
transparent materials, where optical screening techniques could be applied. Polycarbonade 
(PC) is a well suited polymer for precision machining by excimer lasers which exhibits high 
transparency and high optical quality. The typical ablation rate for a KrF-excimer laser is 
about 0.2 pm/ pulse. Therefor many pulses have to be applied to form even small dips. In 
order to prevent cumulative heating of the substrate, the pulse repetition rate is limited to 20 
pps. An array of 225 compartments 0.14 nl each could be machined in less than 3 s (s. 
figurel). By changing the mask, different patterns could be formed. For example, a capillary 
flow plate (s. figure 2) consisting of trenches 70 pm wide and 70 pm deep, could be used as 
a feeder for micro reactors. 




Figure 1 : Nano-tire plate in polycarbonade 
(depth 18 pm, diamater 200 pm) 



Figure 2: Capillary flow plate in polycarbonade, 
trenches 70 pm wide and deep 




3 Machining of silicon nitride 



3.1 Planar processing by excimer lasers 




Figure 3: Surface patterning of silicone nitride by triangles 



The proceeding is similar to that for 
polymers, but the demagnification ratio of 
the projector should be much higher. Due 
to the high decomposition temperatures of 
ceramics, the fluence of the laser beam 
has to be substantially higher. That 
means, that the energy/ area has to be 
increased and the size of the laser beam 
will be restricted to an area of 
approximately 1 mm 2 at the substrate. The 
minimal feature size is determined by the 
resolution of the optical system as well as 
by erosion effects by the plume of ablated 
material. Depending on the aspect ratio - 
the ratio depth/ width - features of 5 pm 
(aspect ratio of 5) to 50 pm (aspect ratio of 
10) size could be retained. Figure 3 shows 
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an array of triangles machined in silicon nitride. The depth of the indentations is 100 pm and 
the curvature at the edges of about 10 pm radius. A set of 4 triangles is machined at one 
time, such that a larger surface area is subsequently structured by a step-and-repeat 
process. 



3.2 3-dimensional structuring by solid state lasers 

Solid state lasers, especially the new developed diode pumped solid state lasers (DPSSL) 
with a high beam quality expand the possibilities of laser micro-structuring. The wavelength 
of the solid state lasers with an active laser medium such as Nd:YAG or Nd:YLF can be 
changed by generation of higher harmonics. Besides the fundamental (Nd:YAG: I = 1064 
nm) it is also possible to use the second (X = 532 nm) or third harmonic {X = 355 nm). So the 
wavelength can be adapted to meet the specific absorption spectrum of the material. The 
lasers are Q-switch systems with a pulse length of 10 ns to 100 ns and a repetition rate of 
several thousand pps. 

The structuring with these lasers is a direct writing process. The laser beam is focused on 
the material with a minimal spot size of less than 10 pm. The fluence of the laser beam at 
the focal point reaches values of 400 J/cm 2 and more, so that the laser beam pulses 
vaporise the material. The threshold fluence for silicon nitride is around 1 J/cm 2 /6/. The 
great advantage of silicon nitride in laser processing is, that the material shows no melting 
phase; the material will be removed without formation of droplets. 




Figure 4: Schematic drawing of the direct writing 3-dimensional 
structuring with solid state lasers 



scanning a 
direction 




dx 





w 



0 = Overlap [%] 
m = movement of the axis 
between two laser pulses 
cL « effective working diameter 



For machining of 3-dimensional structures the laser beam will be moved relatively to the 
workpiece (cf. figure 4), either by a 3-axis positioning table system or a scanning device. The 
velocity depends on the spot size, the pulse repetition rate of the laser beam and the overlap 
of subsequent pulses. Overlapping of laser pulses is necessary to get a smooth surface and 
depends on the material properties. The ablation depth of a single pulse is in the range of 
Az = 1 to 20 pm, depending on the fluence and desired precision of machining. 
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A 3-dimensional structure is realized by removing 
several layers of different geometries similar to a 
milling process. The designed geometry is sliced in 
several layers where the path of the laser beam is 
computed by special software. The processing 
parameters are then transmitted to the CNC- 
controller. The combination of this technique with a 
CAD/CAM-software opens a fast and flexible 
manufacturing method, which offers the possibility to 
produce free-form surfaces. Figure 5 shows for 
example a machined plate for a micro-channel cooler. 

Figure 5: Micro-channel cooler machined in silicon nitride 
(groove width 500 pm) 



4 Summary 



Laser technique is a very versatile tool for flexible, small scale production. Excimer lasers 
are ideally suited for planar processing, where the high pulse energy leads to simultaneously 
patterning of surface aereas of mm-size. Structuring with solid state lasers is useful for 
machining of complex geometries, where planar processing couldn't be hardly applied. If 3- 
dimensional shapes should be structured with high resolution, a laser scribing process 
should be preferred. Here are the high pulse rates of solid state lasers imperative to maintain 
high writing speeds. 

However, ablation by laser radiation is accompanied by deposits of evaporated material 
(debris). By the right choice of processing parameters the amount of debris is reduced, but 
the problem can not be avoid entirely. Depending on the application, subsequent cleaning 
steps should follow. 
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I. Introduction 

During the last 5 years Whitesides (1-4) described 2 elegant methods for the 
chemical surface heterogenisation resulting in well defined surface patterns of 
fim dimensions. The methods known as fi-printing or (^-capillary extrusion start 
with the preparation of a master structure which is e.g. prepared in silica by con- 
ventional photo- or electron lithography followed by silica etching. These struc- 
tures are replicated in a flexible poyldimethylsiloxane stamp which may be used 

a) as a stamp (Fig. 1) to transfer a suitable chemical compound ("ink") to a sur- 
face by direct contact of the "ink" to the surface to be modified or 

b) as a microcapillary system formed by the groves of the stamp in contact with 
a smooth surface. 

p -printing p-capillary extrusion 



master sYruciurie liff if 




(i-contact 




Fig. 1: Surface patterning by ji-printing and g-capillary extrusion and p-catalytic contact 
printing 
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The surface patterning is of interest for fundamental studies on surface proper- 
ties like wetting or dewetting within well defined surface structures or for ad- 
sorption studies of polymers including biopolymers at heterogenized surfaces. It 
can also be of interest for the construction of topologically well defined micro- 
or submicrostructures on surfaces or for the preparation of microarrays of diffe- 
rent proteins or oligonucleotides which are arranged in defined and adressable 
areas on a surface. 

We will demonstrate a new extension of the techniques described above which 
we refer to as p-contact catalysis. By this method we were able to prepare surfa- 
ces with a well defined patterned distribution of primary aminogroups. These are 
appropriate either for the grafting of proteins to a surface (5,6,7) or for the 
growth of polypetides or proteins from the surface (8,9). 

A second route for the ordered deposition of bioactive molecules like enzymes 
or antibodies to a surface can be realized through the well known coupling of 
these systems to magnetic beads (10). The localisation of these magnetic beads 
to well defined surface structures requires a surface patterning with magnetic 
particles which can interact with the magnetic beads. As will be shown this can 
be done through microcapillary extrusion of ferrofluids. 

Finally it will be demonstrated that low voltage scanning electron microscopy 
(LVSEM) is a powerful method to image the thin e.g. non conducting layers that 
appear as a result of the various surface structuring methods. 



2. Results 

2.1 Catalytic p-contact printing 

An co-nitrile terminated heptadecyltrichlorosiloxane was attached to a silica 
surface by standard self-assembly procedures (11). For p-contact catalysis a po- 
ly dimethylsiloxane stamp (Fig. 2) was replicated from a structured silica wafer 
(1). For catalytic activation a thin homogeneous Pt layer (ca. 5 nm) (Fig.2) was 
deposited on the stamp through a laser deposition process described in detail by 
Pompe et. al. (12,13). The advantage of this laser evaporation process compared 
to the ordinary thermal evaporation of Pt is the reduction of thermal damage of 
the sensitive polymer samples during the evaporation process. Another advanta- 
ge is the formation of very thin homogeneous non-crystalline layers (d< 5nm ) 
instead of crystalline Pt clusters that are formed during ordinary thermal evpora- 
tion processes of Pt. 

The Pt coated stamp was contacted to the co-nitrilesiloxane chemisorbed on the 
surface of a silicon wafer. The reduction was done with hydrogen in a 10 ml au- 
toclave at room temperature and 2-3 atm pressure. 

The amine modification of the surface by p-contact catalysis was proved by re- 
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action of the amino terminated groups with the N-Carboxyanhydride of y-Ben- 
zyl-glutamate. As schemed in Fig.3 the surface bound primary amine groups ini- 
tiate the NCA polymerisation and as a result a thin polymer layer of the polypep- 
tide is polymerized on the surface. This layer can be imaged by low voltage 
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Fig.3: Reaction scheme for the complete surface reactions resulting in surface bound Po- 
ly-y-benzylglutamate 



scanning electron microscopy for reasons that are discussed in 2.4. 

Since platinum is known to be a versatile catalyst ongoing experiments follo- 
wing the strategy already described will be considered with further catalytic re- 
actions in order to obtain tailored surfaces. 



2.2 Ordered deposition of magnetic pigments on a silica surface and the at- 
tachement of magnetic beads 

As already demonstrated by Whitesides the p-capillary system prepared from a 
PDMS stamp in contact with a smooth surface can be used to distribute submi- 
crometer scaled particles onto a surface. The deposition pattern of the particles is 
determined by the p-structure of the stamp. We used magnetic ironoxide parti- 
cles from a ferrofluidic suspension (20% EtOH / F^O) to penetrate through the 

p-capillary. The PDMS stamp of the structure already shown in Fig.2 was in 
contact with a clean surface of a silica wafer. The resulting deposition patterns 
of the magnetic pigments in the capillaries are shown in Figs. 4,5. It is obvious 
that within the capillary system two different structured regions appear. While 
region 1 (Fig. 4) shows a 3-dimensional topography of surface deposited 
magnetic pigments region 2 (Fig.4,5) clearly shows only a partial surface cove- 
ring with magnetic pigment particles directly attached to the surface. 

We conclude that within the capillary system that is determined by the free sur- 
face energy of the basal silica surface and that of the polydimethylsiloxane side- 
walls towards the ferrofluid suspension a capillary filling occurs only within re- 
gion 1. In region 2 only the wettability of the silica surface determines the trans- 
port of the suspension. The function of the PDMS walls is only to direct the su- 
pension on the surface. 
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Fig. 4: Different capillary zo- 
nes of magnetic pigments de- 
posited on a surface by ji-ca- 
pillary extrusion 



Fig. 5: Magnetic pigments de- 
posited as a thin layer on a si- 
lica surface (Region 2, Fig.4) 



Fig. 6: Magnetic beads atta- 
ched to a surface by magnetic 
interaction with a patterned 
layer of magnetic pigments 
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After the deposition of the magnetic particles from the ferrofluid the silica sur- 
face was exposed to an aqueous dispersion of magnetic beads (Dynabeads®) 
(14) commonly used for the binding of enzymes or antibody s to its surface. As a 
result of the magnetic patterning of the surface and the localized interaction with 
the magnetic beads these are a preferently attached to the surface patterned are- 
as (Fig. 6). 



2.3 Capillary deposition of human serum albumin (HSA) and fibrinogen 

The patterning of surfaces with proteins is an attractive route to direct the inter- 
action of the proteins with biological cells and therefore to direct preferential 
cell growth (15) on the surface. The proteins can be chemically bound to the 
surface by grafting to it. This would require a surface patterning with reactive 
groups preferently aminogroups which can couple to proteins for example via 
carbodiimid (7). 

As an alternative patterning method we used the microcapillary extrusion of 
HSA through microcapillaries of 15 pm diameter and 2 pm height. As already 
described under 2.2 we again observed two different regions of deposited mate- 
rial. In one region the capillary has been completely filled with the protein and 
therefore after drying and removing the PDMS capillary stamp a protein layer 
of about 2 pm thickness is deposited. The second region is only covered by a 
thin HSA layer (Fig. 7) which was spread along the microchannel of the capil- 
lary. Upon washing with water the adhesion of the HSA to silica turned out to be 




Fig. 7: Human serum albumin layer as deposited on surface by p-capillary extrusion 
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strong enough to prevent desorption in water. The deposition of fibrinogen by 
capillary extrusion could also be demonstrated. The patterned deposition of fi- 
brinogen by the method described could be of interest to promote surface direc- 
ted cell growth. 



2.4. Low Voltage Scanning Electron Microscopy (LVSEM) 

Although scanning electron microscopy (SEM) is a widespread method for mor- 
phological inspection of materials the imaging of thin organic layers by ordinary 
SEM generally faces two problems: 

- The layers to be imaged are from non-metallic and therefore non-conducting 
material. They need to be sputter-coated by a thin conducting metal layer to avo- 
id surface charging. The surface coating by metals may change the surface to be 
inspected. 

- The interaction volume of the imaging electrons in a material strongly depends 
on the electron energy. Under imaging conditions which are applied in conven- 
tional SEM (E>5 KeV) the penetration depth of electron in organic materials is 
several jam. 

As a consequence the imaging of thin surface layers with electrons of such an 
energy (E> 5 KeV) is e.g. not possible due to penetration of electrons through 
the layer. The image forming electrons come from below the surface. Both pro- 
blems can be overcome by low- voltage scanning electron microscopy. LVSEM 
generally uses electron of less than 1 KeV energy and therefore avoids charging 
even of isolation surfaces such as mica. The pentration depth of low energy elec- 
trons in organic material is only about 5o nm at 1 KeV which favours the ima- 
ging of surface layers. For this reasons LVSEM has been used throughout this 
study. 
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1 Introduction 

Mass and heat transfer are significantly enhanced in microreactors because of the 
large surface-to- volume ratio H-4]. These effects are expected to strongly influence 
different types of reactions, in particular high temperature gas phase reactions in 
the field of heterogeneous catalysis and highly exothermic, fast two- or three- 
phase reactions. The extreme temperature conditions and the high reactivity of the 
process gases in case of heterogeneous catalysis or of the process liquids in case of 
gas/liquid reactions seriously limits the number of micromaterials to be applied to 
ceramics, stainless steel or special alloys. Ceramic components may be mainly 
applied as supports for catalysts as in large-scale reactors. Furthermore, their low 
thermal conductivity may be favourably used to prevent undesired heat transfer by 
creating insulating barriers between hot and cold miniaturized components in 
compact microreaction assemblies. 

The latter applications of ceramic materials are currently investigated in a 
number of projects at IMM. This includes basic research projects of heterogeneous 
gas phase reactions such as formation of ethylene oxide, propylene oxide and 
partial oxidation of methane as well as gas/liquid-reactions like fluorination of 
aromatics and oxidation of sulfite. The miniaturization of heterogeneous gas phase 
and gas/liquid processes, including high temperature reactions, is currently 
investigated in close co-operations with chemical industries. 

The present performance of microstructuring techniques used for ceramic 
materials does not fulfill the demands for the realization of complex integrated 
systems. Nevertheless, ceramic materials will play a major role in the fabrication of 
components for hybride-type microreactors using different materials. The 
evaluation of this potential has been the motivation for the scouting study in this 
article involving several microstructuring techniques and microreactor com- 
ponents. We present modifications of microfabrication techniques for the manu- 
facturing of ceramic microreactor components and a description of gas tight 
interconnection techniues completed by an experimental investigation of their 
performance. 
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2 Fabrication methods for ceramic microstructures 

Currently injection moulding, embossing combined with tape casting, slurry 
casting and micro spark erosion techniques are applied at IMM for the structuring 
of ceramic materials (see figure 1). For special tasks dicing and precision 
engineering techniques are additionally used. 




Fig. 1 : Fabrication methods for microstructures. 

The process of injection moulding of ceramic materials has an increasing 
importance for the fabrication of macroscopic structures having a complex 
geometry and can also be used for low-cost mass fabrication of microcomponents. 
Because of the highly accurate fabrication of the microstructured components, 
complex and therefore expensive postprocessing is not needed. 

Injection moulding is performed with ceramics dispersed in thermoplastic binder 
systems containing diverse surfactants and additives. This mixture is homogenized 
and granulated to generate the so-called feedstock. A commercial A1 2 0 3 feedstock 
with a poly acetal binder system supplied by BASF has been used. After the 
injection moulding process the binder is depolymerized catalytically, e.g. by use of 
gaseous oxalic acid. Since the depolymerization process starts from the outside of 
the moulded part to the interior, internal pressure formation by gaseous monomeric 
species is avoided and, hence, resulting crack formation is significantly reduced. 
Debindering is followed by a sintering process. 

Slurry casting and tape casting are established processes for the formation of 
macroscopic ceramic bodies and have recently been used for producing 
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miniaturized ceramic structures . The tape casting process needs a powder 
preprocessing step in order to decrease the particle size to an acceptable level (< 1 
pm) [7], e.g. by comilling of a ceramic powder with a solvent and dispersant. 
Slurries are prepared by dispersing the ceramic material to a mixture consisting of 
solvent, organic binders, plastifiers and additives. After homogenization and 
degassing the slurry is casted on a flat surface by the so-called "doctor-blade" 
process. After drying and separation parts with a thickness of 50 pm to 2 mm can 
be realized. These are stamped by a metallic die, dewaxed and finally sintered. 
Compared to green tapes for macroscopic ceramics higher contents of binder (and 
lower amounts of ceramic powder, respectively) are required to guarantee a 
sufficient flow of the ceramic mass into the small microcavities. This increases the 
volume shrinkage and, hence, slightly reduces the structural precision after 
sintering. 

Applications of micro spark erosion for microreactor development including 
ceramic materials are discussed in detail in another contribution of the same 
volume PI. 



3 Ceramic microreactor components 

Among the microfabrication techniques available for ceramic microstructures HO] 
shown in figure 1, injection moulding [H], embossing and micro spark erosion t 12 l 
have been selected for the realization of four different microreactor components. 

3.1 Static micromixer by injection moulding 

Important components of microreactors are mixers and heat exchangers. A con- 
siderable choice of different types of static mixers has been reported [2,13-17] which 
nearly all use the principle of multilamination to achieve fast mixing via diffusion. 
Because the flow regime in microreactors is generally laminar due to the small 
channel dimensions, convective segmentation mechanisms are absent and only 
diffusion contributes to mixing. Thus, generation of alternating sheets by means of 
geometric constraints (i.e. particular shaping of flow by changes in the 
microchannel dimensions) is a proper way to achieve mixing at microscale. 
Different concepts have been reported for this purpose, including the direct 
subdivision of the channel size by splitting a main stream into a large number of 
substreams [2,15] 0 r other indirect means, e.g. multiple splitting, drilling or bending 
which are based on a separation-reunification mechanism [13,14,16,17]. 

Mass fabrication of a static micromixer based on the principle of separation- 
reunification has been reported before [D1 (see figure 2, left). Injection moulding 
in the frame of the Laser-LIGA process t 18 l allows to replicate polymeric structures 
from a metallic mould insert. After separation, the single pieces were 
interconnected by a laser welding technique. 
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Fig. 2: Static micromixer fabricated by injection moulding. 

Material: polymethylmethacrylate (left), aluminium oxide (right). 



Mixing performance in these mixers was characterized by visual observation of the 
colour distribution in a mixing process of a dye containing aqueous solution. 
Homogeneity was reached after the passage of 2 - 4 mixing units corresponding to 
a length of about 1400 - 2800 pm. 

The static mixer has a 3D shaped structure due to a continuous and simultaneous 
change of channel width and depth. Injection moulding in particular is suitable for 
the fabrication of such complex geometric features. One additional advantage is 
that cost-expensive postprocessing steps are not required because the moulded 
parts have already their final shape. The ceramic micromixer (see figure 2, right) 
has a channel width of about 40 pm and an aspect ratio of 2 [ 9 h 

A comparison of different fabrication processes shows that the structural 
precision of injection moulding is much better that that of slurry casting processes 
(results not shown here) reveals that the structural precision is much better for the 
former process. However, the flatness of the whole piece has to be further 
improved, since the surface quality of the overall structure is crucial for the 
efficiency of interconnection. 



3.2 Micro heat exchanger by embossing 

The main potential of miniaturized heat exchangers is attributed to the 
minimization of local temperature changes in case of exo- and endothermic 
reactions, thus yielding essentially isothermal conditions [M9]. Indeed, micro heat 
exchangers enable enhanced heat transfer which was used in chemical reactions, 
e.g. in order to control undesired following reactions [2,20,21] Tube-like micro heat 
exchangers have been applied as components in integrated systems [21], planar 
sheet architectures were favourized for the assembly of single components [2,21,23] # 
While micromixer components usually are constructed as assemblies of two or 
three parts, heat exchangers having planar sheet geometries generally contain much 
more single parts, in particular for high-volume flow applications. Therefore, 
replication techniques are required for the cost-saving fabrication of these 
components. For this purpose heat exchanger plates in aluminium have been 
realized by an embossing process [9], A stainless steel embossing tool was 
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fabricated by micro electro discharge machining (p-EDM) from a LIGA electrode 
carrying the corresponding negative pattern. Main component of these heat 
exchangers are two mirror-inverted plates, each containing several channels of 300 
pm width and depth separated by walls of 30 pm thickness (see figure 3). 

The use of a similar embossing 
process with the same embossing 
tool for the structuring of 
ceramics is described in the 
following. Instead, of using bulk 
material (as in the case of 
aluminium) green tapes, i.e. 
ceramics dispersed in polymers 
and organic additives, are applied. 
By a combination of tape casting 
and embossing the plates of the 
heat exchanger were realized in 
ceramic green tapes. The SEM 
image in figure 3 reveals that fine 
structural details as the walls having a width of 30 pm and an aspect ratio of 3 were 
sufficiently resolved. However, the whole plate is bended slightly so that tight 
interconnection is not readily possible. This creates either a need for 
postprocessing steps as lapping/polishing or limits the application of this technique 
to smaller pieces. The first type of process modification is discussed in the 
following chapter. 




Fig. 3: Micro plate heat exchanger fabricated 
by embossing in aluminium oxide. 



3.3 Micro flow sensor by embossing and grinding 

The application of postprocessing 
steps for the final shaping of 
microstructures is demonstrated at 
the example of a micro flow 

sensor This sensor consists of 
two pieces, namely a movable 

gear wheel which is mounted on a 
support. As a primary micro- 

structure the gear wheel elevated 
on a back plate was obtained by 
embossing. This microstructured 
Fig. 4: Micro flow sensor fabricated by embossing green part and the support were 
and grinding. individually sintered. By a 

grinding process the back plate 
was removed from the primary microstructure leaving only the gear wheel. The 
support was shaped into the final dimensions by dicing with a wafer saw. 
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3.4 Micro mixer by micro spark erosion 

Micro spark erosion techniques t 12 ] allow the structuring of conductive ceramic 
materials after sintering. Thus, polishing or other mechanical procedures can be 
performed before microstructuring which is especially useful for fine, brittle 
structures. In addition, the structural precision may be enhanced due to the absence 
of volume shrinkage after the microstructuring step. p-Electro discharge machining 
allows the structuring of a limited class of ceramic materials like titanium carbide, 
TiC, and titanium boride, TiB 2 , by wire-cut and die sinking erosion techniques. 
Even patterns of complex geometry can be transferred by the use of die sinking 
techniques. 

A TiB 2 micromixer having such a complex pattern t 2 ], an array of 30 
sinusoidally shaped, small channels, was fabricated. A detailed image is shown in 
figure 5 : 




The SEM image shows that the 
channels having a small width 
of about 40 pm and an aspect 
ratio of 3 are well-resolved. 
Mixing is achieved by 
multilamination of alternating 
layers which are formed by 
guiding a main stream into the 
microchannels, i.e. the mixer is 
based on the principle of direct 
subdivision [2]. Excellent mi- 
xing performance has been 
measured for this mixing 
element, in particular when 
working with single mixing 
units, and compared to 
conventional macroscopic 
systems. The mixing quality has been demonstrated for volume flows in the range 
of 10 - 700 ml/h [24]. For higher volume flows a mixer array can be applied 
combining by parallelization of individual mixing elements both high mixing 
quality and high volume flow. 



Fig. 5: Static micro mixer fabricated by micro spark 
erosion, material: TiB2- 



4 Interconnection of ceramic microstructures 

Interconnection of microstructures for fluidic purposes has been performed by 
mechanical sealing using polished surfaces, by glueing or soldering techniques or 
by mechanisms using the interdiffusion of a surface material. Examples of 
interdiffusion mechanisms are the combined exertion of pressure and temperature 
on polymeric or glass materials and laser welding techniques for polymeric micro- 
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structures. Glueing and soldering techniques e.g. include the use of photocurable 
glues and glass solder for the connection of polymers, glass or ceramic materials. 
Mechanical sealing is especially suitable for metals and stainless steel. 

Interconnection of ceramic microstructures in principle may be performed by any 
of these methods. Interdiffusion mechanisms based on the distribution of a second 
component into the ceramic surfaces have been reported for the interconnection of 
macroscopic ceramics i 25 l, in particular for high temperature applications and 
handling of gases. However, the deposition of this second component was 
performed by techniques, e.g. spraying and casting, which seem to be rather coarse 
for microfluidic applications, since a comparatively thick intermediate layer is 
created. The application of thin film techniques seems to be an adequate alternative 
and is one process which is currently under investigation at IMM. Mechanical 
sealing may also be applied, if polishing processes of similar quality as for metals 
can be established, although limitations may be given by the grainy structure of 
ceramic materials. 



4.1 Interconnection by screen printing of glass solder 

Soldering techniques were here chosen, because the solder layer can even out 
irregularities of the surface, is an absolutely dense material and can be screen 
printed with high precision on microstructures. Glass solders are available with 
thermal expansion coefficients nearly equal to that of standard ceramics, e.g. 
aluminium oxide. In some cases they can be also applied for the interconnection of 
ceramic/metallic interfaces. The thermal stability of glass solders expands to 
temperatures up to 1800°C. 

In order to test the quality of interconnection the sealing of a channel array has 
been investigated by scanning electron microscopy (SEM). An array of 15 
microchannels has been cut into a top plate of aluminium oxide by dicing with a 
wafer saw. This technique allows the fabrication of long straight channels with 
high aspect ratios. The so obtained geometry is similar to details of more complex 
designs in integrated systems. Alternating channels with such a high aspect ratio 
are, in particular, useful for applications as heat exchangers and static mixers based 
on multilamination principles. 

A 80 pm thick intermediate layer containing a mixture of 87.5% glass solder and 
12.5% paste was screen printed on the flat surface of a bottom plate which was not 
mechanically pretreated (Glass solder: Schott company, Mainz, 75% Pb02, 10% 
AI2O3, 10% H3BO3, 5% Si02). The top plate containing 15 diced channels of 150 
pm depth and 50 pm width was connected to this bottom plate by heating in an 
oven at 440°C (without any application of pressure, i.e. no load). As evidenced by 
the SEM image in figure 6, no flow of the solder in the cavitities of the channel 
could be detected, although a considerable length of several mm was observed. 
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Fig. 6: Interconnection of a microstructured plate with 15 microchannels to a top plate. 




In further experiments the temperature of the soldering process was varied in the 
range of 440 to 500°C. It has been found that at high temperatures (>480°C) a flow 
in the cavities with high aspect ratio can occur limiting the process in this 
temperature range to microstructures with low aspect ratios. At lower temperatures, 
e.g. 420°C (close to the glass temperature), interconnection is worse as proved by 

decreased mechanical stability 
and by gas permeation 
measurements. 



Fig. 7: SEM image with details of the 
interconnnection zone. 



depressions as evidenced by the 
SEM image in figure 7. This 
perfect filling provides a very 
strong interconnection suitable as 
well at higher temperatures due to 
similar thermal expansion. The 
glassy layer is dense (non-porous) 
and has a relatively homogeneous 
thickness. 



After interconnection the layer of 
glass solder is of a glassy nature 
and even fills small surface 



4.2 Gas permeation measurements 

In order to test the quality of this interconnection method for fluidic applications, 
the gas permeability through the glass solder layer interconnected at 500°C was 
characterized. This was performed by measuring test samples which were designed 
in a way that the only passage for the gas is given by the interconnection layer (see 
figure 8). 
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Fig. 8: Test samples for measuring the gas permeability through interconnection layer. 



In a large test series a number of parameters of the soldering process and related 
applications has been varied, namely the content of glass solder, the layer thickness 
of glass solder, the total printed area and the temperature of application completed 
by statistical analysis. 

In the following, some of 
these variations will be 
presented, beginning with the 
variation of the content of glass 
solder relative to the paste: The 
aim was to test the printability 
of various glass solder/paste 
mixtures (changing the 
viscosity), e.g. to realize smaller 
film thicknesses and to improve 
film homogeneity. In figure 9 
the measured gas permeability 
of four samples having a solder 
content of 90, 87, 65 and 50% 
are shown. 

In the limit of detection no 
measurable gas flow could be found for the 90, 87 and 65 samples for any of the 
five gases. Instead, a considerable flow was found for the 50% sample. The very 
large difference between the flow of this and the other samples can only be 
explained by the presence of defects, rather than being attributed to bulk material 
properties. These assumptions correspond to light microscopy findings showing 
porous cavities for the 50% sample and a dense, homogeneous material for the 
former samples (see figure 7) 

In another experiment the influence of the printed area's size on the gas tightness 
of the test samples was investigated. The gas tightness of three samples having 
diameters of 4, 10 and 16 mm has been proven, with the exception of a 14 mm 
sample which showed a considerable gas flow. Again, this could be related to 




Fig. 9: Gas permeability of test samples versus content 
of glass solder. 
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defects in the interconnection layer. Hence, the results underline that gas tightness 
is achievable for relatively small solder layers. Future investigations with real 
microstructures (instead of test samples) will show, if this concept can be extended 
even to smaller areas having diameters much lower than 4 mm. 

Furthermore, the influence of thermal shock on the gas permeation properties was 
also investigated (see figure 11). Slow and rapid cooling of samples below the 
glass transition temperature of the solder (about 380°C) had no influence on gas 
tightness (not shown here). At higher temperatures (500, 750, 1000°C) the samples 
remained gas tight in the case of slow cooling, rapidly cooled samples showed 

intense gas flow. This 




Temperature [°C] 



demonstrates that micro- 
structures interconnected with 
glass solder may be (locally) 
heated well above the glass 
transition temperature for a 
short time intervall without 
loosing their sealing properties, 
as long as the changes occur 
slowly. 

High pressure tests proved that 
test samples interconnected by 
this method could withstand 
pressure up to 10 bar. 



Fig. 1 1 : Gas permeability of test samples versus 



temperature of application. 



5 Summary 

It could be shown that microfabrication methods can be successfully applied for 
the realization of several microreactor components in ceramics such as static 
mixers, heat exchanger and a flow sensor. Even complex designs having internal 
dimensions as low as 30 pm were achievable. Injection moulding techniques allow 
a low-cost fabrication of large numbers of microstructures. Screen printing of glass 
solder has been used to interconnect microstructured plates having channel arrays 
of high aspect ratio. Due to the dense interconnection layer absolute gas tightness 
is achievable in principle as evidenced by gas permeation measurements using test 
samples. 

It is the aim of present and future investigations to demonstrate the potential of 
ceramic components by integration in microreaction systems which are hybride- 
type built and can contain different classes of materials, e.g. glass, metals, ceramics 
or stainless steel. Currently several basic science and industrially oriented projects 
in the field of heterogeneous gas phase and gas/liquid reactions are undertaken at 
IMM. 
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Abstract 

Electro Discharge Machining (EDM), a well introduced technology for the 
processing of all kinds of conductive materials independent of the mechanical 
characteristics, has recently been extended to the micro-scale (p-EDM). ji-EDM 
opens up a new entry to the microstructuring of materials like stainless steels for 
microreactor purposes. Here, the use of several p-EDM techniques as well as their 
applications in microreaction technology are reported. 

1 Introduction 

The fast development in microreaction technology implies the generation of 
microfluidic systems representing operational units well known from chemical 
engineering. The most advanced units, such as micro mixers and miniaturized heat 
exchangers already are employed in devices and demonstrators for various appli- 
cations in chemical industry [1, 2, 3, 4, 5]. Thus, there exists a high demand for 
microstructures fabricated by use of materials suitable for all kinds of chemical 
processes, including resistance to corrosive media and high temperatures. Mate- 
rials suitable for these purposes include stainless steels and special alloys as well 
as ceramics for high temperature applications. 

Standard microstructuring techniques often do not provide the possibility to 
apply the above mentioned workpiece materials. A fabrication method well 
known from conventional machining in tool-making industry is Electro Discharge 
Machining (EDM) [6, 7]. For its ability to process any kind of material with 
sufficient electrical conductivity, EDM is widely used and improved since several 
years [8]. Extending EDM-techniques to the micro-scale (p-EDM) allows the 
generation of microstructures even with highly complex geometries in all kinds of 
conductive materials independent of their mechanical properties [9, 10, 11]. More 
recently p-EDM has proved its applicability as an appropriate tool for micro- 
component fabrication in microreaction technology [12]. 
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Microreactors are realized by appropriate microfabrication techniques, its 
choice depending on the reactor material and the type of application 
[4, 13, 14, 15]. Techniques already employed for these purposes include the 
LIGA technique [16], Laser-LIGA (a combination of laser micromachining and 
the replication steps of the LIGA process) [17], structuring of photosensitive [18] 
or other types of glasses, different etching techniques, e.g. in silicon [19, 20] as 
well as precision engineering methods [21] and other processes. These methods 
allow the manufacturing of complex, highly precise, three-dimensional micro- 
structures for novel applications in chemical and process engineering. 

Requirements for microreactors suitable for industrial applications often include 
resistivity against aggressive chemicals as well as high reaction temperatures [5]. 
Appropriate materials for these applications used on a macro scale include stain- 
less steels, special alloys or highly temperature resistant ceramics. These materials 
unfortunately cannot be processed by most micro fabrication processes like wet 
chemical etching, laser ablation or electro deposition of metals and alloys. This 
paper reports on applications of p-EDM to these materials, enabling the produc- 
tion of microreactor components for the above mentioned reaction conditions. 

Here, three different p-EDM techniques and their application in miniaturized 
chemical process engineering will be described. It will be shown that the precision 
as well as the surface roughness of various p-EDM methods prove this technology 
being appropriate to realize microstructures in hard and / or chemically resistive 
materials. Depending on the workpiece material employed during the EDM- 
process, the resulting microstructures can be used as replication tools. Thus, these 
highly precise structures can be applied in embossing processes preferably at 
elevated temperatures. Therefore, p-EDM turns out to be the adequate technique 
for the large-scale replication of metallic microstructures not realizable by other 
standard microstructuring techniques. 

2 EDM-Technology 

2.1 Introduction 

Electro Discharge Machining (EDM) as a manufacturing technology already has 
been introduced more than 40 years ago to work on conductive materials with 
overall workpiece dimensions down to the mm-range [22]. Thus, EDM was used 
not only for tool-making industry but also for other industrial branches in order to 
fabricate mold inserts and dies for hot embossing and stamping (e.g. coining 
tools). Technological improvements depend on recent knowledge about the inter- 
actions between electrode, dielectric liquid and workpiece material [7]. Latest 
research work concentrates on process control, the integration of new perform- 
ances like image processing, the reduction of heat affected layer extension and 
efforts to decrease machining time. As a result, EDM has been extended to the 
micro-scale (p-EDM) and now has been established as a high precision machining 
technology in a wide area of applications. 
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2.2 Process Characteristics 

EDM basically needs a voltage generator, 
an electrode and a workpiece. The technology 
is based on an erosion process, whereby con- 
ductive material is removed due to a high 
energy discharge between an electrode and a 
workpiece which are surrounded by a dielec- 
tric fluid. It is an aim of the p-EDM process 
to reduce the quantity of material being 
removed in one discharge cycle as low as 
possible. Therefore, discharge energy per unit 
time must be minimized and extremely short 
pulses of the discharge current are used [8]. 

Compared to conventional precision 
engineering manufacturing techniques like 
milling, turning or laser machining, the 
advantages of EDM are: 

• No mechanical contact between electrode 









The highly-sophisticated wire-cut and die-sinking machines which are presently 
on the market facilitate the use of EDM-technology as a powerful manufacturing 
tool for the shaping of conductive materials. These include e.g. copper, titanium, 
stainless steels, some semiconductor materials and even some ceramics in micro- 
system applications. EDM therefore considerably enhances the variety of 
machinable materials for applications in microreaction technology. 

3 p-EDM for microreactors 

The EDM-technique being a widely used process in tool making industry has 
proved its flexibility for the generation of nearly any geometric form in conduc- 
tive materials for a long time. Due to its reliable process characteristics, process 
safety and reproducibility, p-EDM’s field of application recently has been 
extended to microreaction technology. 




and workpiece. 

No pollution of surfaces that would 
require cleaning procedures. 

Edges of an eroded component are 
without any burr. 

Negligible and only pointwise heating of the electrodes. 
Three-dimensional microstructures are possible. 



Fig. 1: "AGIETRON compact 1 

micro" die sinking machine. 
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3.1 Process: Rotating disc electrode-method 

Micro-die-sinking with rotating disc electrodes of some ten microns thickness, 
preferably of tungsten, allows the machining of microchannels e.g. in special 
corrosion-resistant steels. In order to achieve a high accuracy and repeatability, 
the electrodes are premachined on the same EDM-machine which is used for the 
actual processing step later on. This technique eliminates errors due to clamping 
actions in different machines and saves time due to the fewer number of adjust- 
ment operations. It is understood, that during "EDM-grinding" vectorial electrode 
wear compensation has to be performed (Fig. 2). At IMM, this microtechnology 
was extended for use in microstructurization in close co-operation with the Swiss 
EDM-manufacturer AGIE. 



fremachlning 
ol electrodes 
by die sinking 



EDM-grinding with 
rotating disc electrode 





Vectorial movement for 
electrode wear compensation 



Fig. 2: Principle of EDM-grinding with rotating disc electrodes. 



3.2 Application: Combined mixer / heat exchanger for an integrated 
microreaction system 

Heat control and heat transfer play an important role in exothermic chemical 
reactions. The large surface area to volume ratio in microreactors enables an 
effective heat control, thus influencing the chemical process. Furthermore, the 
interface to volume ratio between two non-miscible liquids is enlarged leading to 
enhanced exchange rates between two adjacent fluids. 

Using these advantages a microreactor for a very fast and exothermic reaction 
between two immiscible phases was developed and realized by IMM and 
BASF AG [5, 12]. The chosen reaction, leading to a special vitamin precursor, is 
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Fig. 3: Integrated microreaction system developed in co- 
operation with BASF AG. Material: Stainless steel. 

catalyzed homogeneously. The reactor consists of six different layers, all of them 
constructed in a special alloy (Fig. 3). The core of the reactor is a thin layer in its 
lower part, including a combined mixer / heat exchanger. For the generation of its 
narrow but deep grooves (Fig. 4) micro-die-sinking with rotating disc electrodes 
was applied. Thus, micro channels with characteristic widths between 40 and 
60 pm and aspect ratios (ratio of depth to width) greater than 15 have been 
realized. 




Fig. 4. EDM-grinded fluid channels of different depth; 

Material: SST; Thickness of electrode: t=25 pm. 

3.3 Process: LIGA-EDM for complex embossing tools 

Another high-precision and flexible fabrication technique for microreactor 
component production is the "LIGA electrode die sinking" method, also 
developed by IMM and AGIE. Here, while maintaining the accuracy and lowest 
position deviations of the LIGA process, LIGA structures are used as electrodes in 
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EDM die sinking. This enables fast and easy replication even of complex 
microfluidic structures, e.g. heat exchangers, applying hard materials either for 
direct use or embossing of metallic foils. 

A LIGA wafer for micro-EDM usually consists of three main parts: the 
roughing and finishing electrodes needed for micro-erosion process, reference 
structures for process control, and positioning or alignment marks for adjustment. 
Allowing fast and easy adjustment operations, the wafer can be fixed to micro- 
positioning components like rotating and 
tilting tables, which are supported with the 
EDM-machine. Fig. 5 shows an optical 
adjustment procedure of a LIGA wafer. 
Once the adjustment of electrodes is 
finished, subsequent replication of micro- 
structures can be performed (see Fig. 6). 



Fig. 5: LIGA wafer for EDM 
mounted to a micro die 
sinking machine. 



Workpiece . _ 



Electrodes 




1/2 / 3,\ 4: 
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UGA-wafer 



Fig. 6: Principle of LIGA-EDM. 



3.4 Application: Replication of a metallic heat exchanger 



At IMM this technology was applied as well for direct generation of microreactor 
components as for structuring of different dies for subsequent replication of 
metallic microstructures. Thus, the layers of a miniaturized plate-type heat 
exchanger [4, 15] realized by the LIGA technique are used as an electrode for the 
LIGA process. The resulting negative microstructures, e.g. in stainless steel, serve 
as an embossing tool (Fig. 7) preferably at elevated temperatures. Employing this 
process, the layers of the heat exchanger can be replicated in high numbers using 
soft metals like aluminium. Fig. 8 shows some of these layers around a mounted 
LIGA heat exchanger. 

Using these tools heat exchangers have been replicated by embossing in A1 2 0 3 
green tapes as well. These structures, besides other applications of ceramic 
microreactor components, are described elsewhere in this volume [23]. 
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Fig. 7: Electrode for LIGA-EDM and embossing 
tool for replication of heat exchanger parts. 




Fig. 8: Embossed parts of a miniaturized plate-type heat 
exchanger. Material: aluminium. 



3.5 Process: EDM-milling with cylindrical electrodes 



electrode 




Fig. 9: Principle of EDM-milling. 



Here, another micro-EDM-technique 
called ji-EDM milling shall be intro- 
duced. This process uses cylindrical 
electrodes of tungsten, hard alloys, 
tungsten/ copper or brass with dia- 
meters between 10 pm and 100 pm, 
high speed electrode rotation 
(2000 rpm) and machine axis move- 
ment similar to conventional milling. 
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Avoiding loss of precision due to clamping actions and adjustment operations, 
the cylindrical rod electrode firstly is preshaped using a continuous unreeling wire 
or a precisely grinded massive hard alloy block as electrode. In a second step, the 
actual EDM-milling process is started. Thereby, the electrode is guided on its 
predefined path using continuous path control and different planetary movement 
strategies (Fig. 9). Small and deep channels as well as elevated structures can be 
generated. Electrode wear compensation has to be performed as well. High speed 
spindle rotation enhances process performance considerably. New machine 
features like the application of vision controlled systems recently allow easy and 
precise electrode fabrication as well as verification and evaluation of erosion 
results. 



3.6 Application: Microreactor components in highly heat-resistant materials 




Fig. 10: Outlet of a 60 pm p-EDM 

milled channel. Material: TiB 2 . 




Employing this p-EDM-technique, 
conductive ceramics can be utilized as 
material for microreactors as well. As 
an example, various components are 
realized in Titaniumdiboride (TiB 2 ), a 
ceramic material suitable for applica- 
tions at temperatures up to 1700°C. 
Fig. 1 1 shows six fluidic microchannels 
in parallel with a structure width of 60 
pm, which were generated using this 
method. Additional effort to remove 
burr occurring in regular, mechanical 
micro-milling procedures with high- 
frequency spindles could be neglected. 
Thus, inefficient burr removing and 
time consuming cleaning procedures 
are unnecessary. 

For the fabrication of a micro- 
dwelling system in TiB 2 p-EDM again 
turned out to be appropriate technique. 
This is demonstrated in Fig. 12, 
showing a spiral dwelling structure. 
Channel width in this case is 46 pm 
with a depth of 120 pm and a channel 
length of a few millimeters. 



Fig. 1 1 : p-EDM-milled microchannels. 

Width: 60-80 pm; Material: TiB 2 . 



Fig. 12: Microreactor structures in Titaniumdiboride. 

4 Conclusions 

The examples discussed in this paper impressively demonstrate the potential of 
various p-EDM techniques for the fabrication of microreactor components. Mate- 
rials used here include stainless steels and special alloys for applications in corro- 
sive surroundings. For high temperature applications, p-EDM also offers the 
possibility to generate microstructures in specific ceramic materials with a suffi- 
cient conductivity. These techniques not only allow the direct generation of 
microreactor components. Moreover, combinations of p-EDM processes e.g. with 
embossing procedures allow the large-scale replication of microstructures in 
certain metals. This opens up a way to cheap generation of metallic micro- 
structures in specific materials and certainly will lead to a higher applicability of 
metallic microreactor components. Because of some of the handling procedures in 
jli-EDM are time consuming, the direct use of p-EDM structures on a very large 
scale is limited. On the other hand, the fabrication of tools for certain replication 
techniques certainly will play a major role in future production processes of 
metallic microreactor components. 

Nevertheless, p-EDM in addition to powerful machine tools strictly depends on 
the availability of adequate electrodes. Efficient means to overcome these diffi- 
culties, e.g. the die sinking process with LIGA electrodes have to be developed 
further. Furthermore, besides machine facility improvement more attention has to 
be paid to process interfaces. This includes machine components like the genera- 
tor, process and servo control as well as tooling for highly precise handling and 
adjustment of electrodes. New technologies like image processing allow fast and 
easy evaluation of the erosion process. These aims will be pursued within the 
collaboration between IMM and AGEE. 
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Abstract 

This work presents the detailed description of the formation process of the silicon 
microreactors and micromechanical structures which will dominate the near fu- 
ture. The description is based mainly on the author's experience and includes a 
description of the dry etching of silicon by means of different halogen plasmas. 
The well established methods of microsystem technology allow the cheap and fast 
production of silicon based microtools in large numbers via batch processing. 
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1 Introduction 

Due to numerous possibilities microreaction technology will prove to be one of 
the most promising research subjects in the field of microsystems in the near fu- 
ture. 

The most critical technologies for the future of advanced silicon MEMS and 
micro-total-analysis-systems (p-TAS) relate to bulk micromachining or the so 
called “ high aspect ratio microstructure (system) technology ” (HARMST). The 
aspect ratio is defined as the ratio of depth to width for a trench (or depth to di- 
ameter for a circular hole) and has been shown to be the most important geometri- 
cal parameter for etching of ICs and MEMS. Bulk-crystalline Si has physical and 
chemical properties that have made it a promising material for the MEMS devices. 
Such a material is very strong, similar to steel in modulus of elasticity, without 
mechanical hysteresis, possesses a good thermal conductivity and a low thermal 
expansion coefficient. The standard IC wet and dry etching techniques cannot 
meet the high-aspect ratio of future demands. This warrants the continous devel- 
opment and application of new, more advanced, dry etching techniques. 

To realise more compact and cheaper techniques of MEMS fabrication, the 
combination of lithography and reactive ion etching (RIE) techniques is herein 
discussed [1 - 3]. It is demonstrated that application of these techniques allows 
development of MEMS from single crystal silicon with complete and total process 
compatibility with standard IC manufacturing [4-5]. The preferential dry etching 
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technology allows silicon features to be created with unique characteristics which 
were never built before [6]. 

The choice of lithographic equipment is usually determined by the setting of 
fabrication. Prototype and low volume fabrication leads to the use of scanning 
electron beam lithography, whereas for a high volume production, optical and 
masked ion beam proximity printing becomes more suitable and can be imple- 
mented together with masked ion beam lithography (MIBL) to provide superior 
exposure latitudes and large depth of focus. 

Today, the requirements for pattern transfer applications at the very large scale 
integration (VLSI) fabrication are getting stringent. Furthermore, the requirements 
of the etching process for micromechanical applications to be integrated with ICs 
are ever more stringent, demanding high-aspect/ratio structures (> 1:20), high 
etching selectivity (>100), controlled side-wall slope and an IC-technology- 
compatible masking technique. 

The aim of this work is to summarise the existing dry-etching-based pattern 
transfer technology and to extend it to silicon microreactors. The basic aspects of 
pattern transfer by wet and dry etching into the silicon substrate are described. 

2 Dry etching 

Anisotropy in the reactive ion etching of silicon essentially results from the 
probability of halogen reaction at the sidewall. The reaction probability depends 
on halogen reactivity, surface coverage and surface temperature. It is suggested 
that any of these parameters can limit etching rate. Winters and Cobum [7] have 
shown that Br and Cl species have a reduced spontaneous reaction probability 
compared to F, in line with increasing electronegativity. Other factors including 
multilayer adsorption and the steric effect (atomic size) which also differentiate F 
from Cl, Br and I for silicon etching, have been analysed by Pelletier and Cooke 
[ 8 ]. 

Reactive ion etching based on chlorine based plasma chemistry was started 
about two decades ago and was successfully applied to IC processing for Si-trench 
etching. Etching into depth of 100 pm and more is made possible by a novel 
“BC1 3 gas chopping technique” i.e. added from time to time, in order to scavenge 
the surface, and thus to provide renewed possible attack by the chlorine plasma. 
This gas chopping RIE technique chlorine with BC1 3 as chopping gas for scaveng- 
ing was the key for achieving deep trench etching into silicon. 

By pulsing the BC1 3 gas inlet flow, called as “chopped flow” the formation of 
oxidised unsaturated halogenated film onto the bombarded (i.e., bottom) surfaces 
may be prevented [9]. After the initiation of etching process of the surface, by 
utilising the scavenging properties of BC1 3 , the main etching process begins. Yet, 
as this etching proceeds, impurities from the plasma gas background, the masks, 
etc., begin to be deposited on the silicon surface, leading to undesirable micro- 
masking effects. To prevent this, BC1 3 must be present for the scavenging of these 
impurities. Figure 1 shows 16 pm deep etched silicon structures. 
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Following these early results we can conclude that a critical halogen surface 
coverage (forming of Si(halogen ) x ) below which spontaneous etching does not 
occur is effectively zero. It is the dilemma in anisotropic etching of silicon with 
fluorine; for high etching rate it is necessary to use high surface coverage (high 
pressure) which is contrary to high anisotropy. On the other hand, one should 
expect that in order to obtain high anisotropy it is essential to have very low halo- 
gen coverage despite the relatively low etching rate. 

Fundamentally, the cryogenic cooling etching technique relies on the fact that 
low wafer temperatures change the chemical reactivity of surface, thereby affect- 
ing the degree of sidewall undercutting. The simple explanation of this effect is a 
reduction of the reaction probability (sticking coefficient) at low temperatures for 
lateral etching, while the vertical etching rate is sustained due to an activation 
caused by ion bombardment . 

Typically, if the etching is carried out with inductively coupled plasmas. Etch- 
ing rates between 2 pm/min and 4 pm/min have been observed with an SF 6 
plasma chemistry. It is possible to guarantee a uniform cooling within a broad 
range of temperatures by controlling the coolant (liquid nitrogen) flow together 
with internal electrical heater. With cryogenic cooling etch processing, the sub- 
strate temperature is typically set in the range of 200 K to 150 K. 




Figure 3. Deep silicon structures etched in RIE system in SF 6 /0 2 and cryogenic 
cooling (183 K) temperature on the substrate 
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High density (fluorine) plasmas offer the possibility by controling the oxygen 
flow, and correspondingly the etching profile with respect to low-temperature Si 
etching. In the high density plasma the sheath thickness is one order of magnitude 
less than those in capacitively coupled plasma. The ion free path is dramatically 
reduced, high bias is not needed to overcome the loss of ion directionality due to 
collisions by application of very low levels of bias and obtaining high etching 
rates and high selectivity with respect to oxide layers. 

Another important topic of this etching process is the roughness of the side- 
walls. It was observed that the addition of oxygen is a critical parameter for 
achieving vertical sidewalls. Figure 2 shows 120 pm deep etched silicon struc- 
tures. In these cases, a very low amount of oxygen was added (3 to 10 %). The 
quality of the resulting side-walls of these structures can easily be seen (Figure 3). 




Figure 4. 40 pm deep etched in silicon electrostatically driven actuator 



3 Conclusion 

Silicon microsystem technology is possible because in most cases the same sub- 
strate (silicon) as well as the same layers (silicon oxide, silicon nitride, Al, Ti, W, 
etc.) as used for silicon integrated circuits can be used. But there is the basic dif- 
ference that technologies for integrated circuits are concentrated on structuring - 
within micrometers - the surface of the Si wafer substrate, whereas Silicon micro- 
system technology requires micromachining into layer thicknesses of typically 
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several 10 micrometers, and in some cases even in the range of several 100 
jum.Integration of microreactor, sensor and/or actuator microdevices with CMOS 
microelectronic signal processing circuitry into one silicon based microsystems is 
one of the most interesting and promising developments for the electronic indus- 
try [10-1 1]. The feasibility of producing micromechanical structures from monoc- 
rystalline silicon using lithography and the reactive ion etching (LIRIE) technol- 
ogy is useful in many different MEMS applications. Etching technology allows us 
to attain high selectivity at high anisotropy. Etching rates ranging for 50 to 2000 
nm/min are available depending on plasma reactivity and plasma sources. 
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Abstract. Porous silicon with its spongious structure and vast surface 
enlargement was investigated as the carrier matrix for immobilised enzymes in 
micro enzyme reactors. 

The microreactors were micromachined, in (110) silicon (p-type, 20-70 £Lcm) 
by anisotropic wet etching, giving a parallel trench structure comprising 32 
channels, 50 pm wide, spaced 50 pm apart and 250 pm deep. The surface 
enlarging porous layer on the reactor structures were achieved by anodising the 
reactors in a solution of hydrofluoric acid and ethanol. In order to evaluate the 
surface enlarging effect of different pore morphologies, the anodisation was 
performed at three different current densities, 10, 50 and 100 mA-cmf 2 . 

Glucose oxidase was coupled to the surface of the porous microreactors and a 
non porous reference reactor. The enzyme activity of the microreactors was 
recorded and compared with the non-porous reference reactor. 

Long-term stability measurements of glucose oxidase coupled to a planar 
porous silicon surface were performed. The porous layer was achieved on a (111) 
silicon sample; epilayer, n on n + (6.8-9. 2 Q, cm on 0.0015 Q. cm), anodised at 
100 mA-cm' 2 for 5 minutes. 

The studies of the glucose turn-over rate in the different micro reactors clearly 
demonstrated the surface enlarging effect of porous silicon as an enzyme carrier 
matrix. An increase in enzyme activity by a factor of 100, compared to the non 
porous reference, was recorded for the reactor anodised at 50 mA-cm' 2 . The 
results also establish the possibility to fabricate porous silicon on high aspect 
ratio microstructures. 

The long-term stability measurements displayed a high storage stability of the 
porous silicon carrier matrix, 2 % loss after 5 months refrigerated storage. 
Steady state glucose loading (0.5 mM) of the GOD activated porous matrix 
showed a loss in enzyme activity of 56 % over 4 days. 
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1. Introduction 

In the development of microstructuring technology of silicon, porous silicon has 
evoked as a sacrificial material allowing formation of orientation independent 
structures [1]. Porous silicon has also found applications as a surface enlarging 
material on tips for field emission systems [2]. 

In biochemical applications porous silicon has been utilised as a substrate 
material for a chemical sensor [3] and as a porous frit in an electrochemical 
sensor [4]. The work of our group has focused on utilising porous silicon as a 
coupling matrix for immobilised enzymes [5]. 

When porous silicon is employed as a coupling matrix in a micro enzyme 
reactor the morphology of the porous layer results in a surface area increase ami 
the porosity can be controlled during the fabrication process. 

Previous investigations on silicon microreactors fabricated by anisotropic 
etching of (110) silicon have shown that an increase in surface area yields a 
proportional increase in glucose turn-over rate [6]. Further investigations on 
techniques for increasing the surface area in the reactor were conducted by 
exploring porous silicon. Initial experiments on enzyme coupled to porous 
silicon surfaces yielded an increase in enzyme activity by a factor of 30, 
compared to a non-porous surface [5]. The work presented herein concerns the 
combination of these surface enlarging techniques; a microreactor comprising 
anisotropic etched vertical channels in (1 10) silicon with a porous layer. 

The described enzyme reactor is developed as the sensor unit in a system for 
continuous glucose monitoring. To fulfil the long sought goal of portable 
continuous glucose monitoring, high enzyme activity (in a small sensor chip) 
and long-term stability of enzymes coupled to the sensor chip are important 
issues. The presented measurements show an increase in enzyme activity when 
porous silicon is employed as carrier matrix and also the storage and steady state 
operational stabilities of glucose activated porous microreactors are reported. 



2. Materials and methods 

2.1 Porous microreactors 

2.1.1 Reactor fabrication 

The microreactors were designed as a flow-through cell comprising 32 parallel 
channels (50 jam wide and spaced 50 pm apart) with vertical walls, Figure 1 . 
The overall dimensions of the reactor were 3.1 mm* 13.1 mm. To achieve the 
vertical channel walls, the reactor structure was micromachined in <110> 
oriented silicon, p-type (20-70 Q-cm), by anisotropic wet etching (70 g KOH 
per 100 ml H 2 0) to a channel depth of 250 pm. 
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Figure 1. The design of the microreactor showing one end of the 
channel structure and the flow inlet basin. 



2.1.2 Porous silicon fabrication 

To accomplish the porous silicon layer, the micromachined reactors were 
anodised in a solution of hydrofluoric acid and ethanol (mixing ratio 1:1) using 
an in-house designed anodisation cell, Figure 2. In order to evaluate the surface 
enlarging effect of different pore morphologies, the anodisation was performed at 
three constant current densities, 10, 50 and 100 mA-cm' 2 , respectively. The 
anodisation time for the reactor anodised at 10 mA-cm' 2 was 10 min. and 5 min. 
for the 50 and the 100 mA-cm' 2 reactors. The shortened anodisation time at the 
higher current density was done to compensate for the increased pore propagation 
rate at higher current densities. 




Figure 2. The anodisation cell for the porous silicon fabrication. 
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2.1.3 Enzyme coupling 

Glucose oxidase was coupled to the surface of the three porous microreactors and 
a non-porous reference reactor following standard procedures for immobilising 
enzyme to silica, more thoroughly described in [7]. The immobilisation 
procedure was performed in three steps: silanisation, glutaraldehyde activation 
and enzyme coupling; all in beaker solutions and under gentle agitation. Each 
step was followed by thorough rinsing in phosphate buffer solution (PBS), 
pH 7. 



2.1.4 Enzyme activity determination 

To monitor the achieved enzyme activity of the reactors, i.e. glucose turn-over 
rate per time unit, a colourimetric assay was followed [6]. A colourimetric 
reagent containing glucose (0.1-5 mM) was pumped through and past the reactor 
and the corresponding absorbance shift was monitored using an UV-VIS 
absorbance detector, Figure 3. From the absorbance shift the corresponding 
glucose turn-over rate at each glucose concentration was calculated. 




Figure 3. The colourimetric assay for the enzyme activity 
monitoring. 



2.2. Long-term stability measurements 

For the long-term stability measurements of glucose oxidase immobilised on a 
porous silicon matrix, a planar porous silicon surface was used. The porous 
layer was achieved by anodising a (111) silicon sample; epilayer, n on n + 
(6. 8-9.2 Qcm on 0.0015 £2cm), at 100 mA-cnT 2 for 5 min. using the set-up 
previously described in Figure 2. The same method as in the case of the 
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microreactors was used to monitor the enzyme activity, i.e. the colourimetric 
assay in Figure 3. 

The initial enzyme activity of the immobilised surface was monitored at 
0.5 mM glucose and the sample was stored in PBS at 8° C for 5 months. The 
glucose turn-over rate was then again measured at 0.5 mM glucose (flow rate 
376 jLil-min' 1 ) and after the measurement the sample was connected to a 
continuous flow (70 jal-min' 1 ) of 0.5 mM glucose. The turn-over rate 
measurements at 0.5 mM glucose were repeated for 4 days. 



3. Results 

3.1. Porous microreactors 

The results establish the possibility to fabricate porous silicon on high aspect 
ratio microstructures and show the versatility of porous silicon in combination 
with today’s standard methods of microstructuring. 

Although the anodisation time was shortened for the higher current densities 
the porous layer was thicker for these reactors, as seen in the cross-section of the 
reactor channels, Figure 4 a-c. 




a) b) c) 

Figure 4 a-c. SEM cross-sections of one channel in the achieved 
porous microreactors (a:10 mA*cm 2 , b:50 mA*cm 2 , c:100 mA*cm 2 ). 
The channel width is 50 jam (spaced 50 jam apart) and the channel 
depth is 250 jam. 



The result from the studies of the glucose turn-over rate clearly demonstrates 
the potential of porous silicon as a surface enlarging matrix for micro enzyme 
reactors. An increase in enzyme activity by a factor of 100, compared to the non- 
porous reference reactor, was achieved for the reactor anodised at 50 mA*cm~ 2 , 
Figure 5. 
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Figure 5. The glucose turn-oyer rate versus glucose concentration 
for the three porous reactors and the non-porous reference reactor. 

The difference in enzyme activity for the reactors is most likely due to the 
different pore morphology, however the effect of pore depth should not be 
neglected. From surface enlargement point of view, the finer pore structure of 
the 10 mA-cm' 2 reactor ought to result in a higher surface enlargement, 
compared to the 50 mA-cm' 2 reactor. In spite of this, the 50 mA-cm' 2 reactor 
displayed a much higher enzyme activity. This difference could be an effect of 
the deeper porous layer in the 50 mA-cm' 2 reactor. However, for the 100 mA-cm' 
2 reactor the porous layer is thicker than in the case of the 50 mA-cm 2 reactor 
and the difference in enzyme activity between these reactors is rather explained 
by the lower surface area of morphologies with larger pores (samples prepared at 
high current densities). It can be concluded that the pore morphology of the 50 
mA-cm' 2 reactor so far is the most optimum matrix for our micro enzyme 
reactors. 



3.2. Long-term stability 

The long-term stability of glucose oxidase immobilised on a porous silicon 
matrix was found to be good, Table 1. After 5 months of refrigerated storage 
(8° C) only a 2 % loss in enzyme activity was noted. Regarding operational 
stability under constant glucose load, the loss in activity was found to be 56 % 
over 4 days. However, if the constant load operational stability is performed on a 
freshly immobilised surface the activity loss could be expected to be less. 
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Measurement 


Turn-over rate 
fnmohmin' 1 ! 


Activity loss 
[%i 


Initial (Aug. -96) 


42 




Start (Jan. -97) 


41 


2 


Day 1 


37 


10 


Day 2 


31 


25 


Day 3 


24 


41 


Day 4 


18 


56 



Table 1. Glucose turn-over rate at 0.5 mM glucose (flow rate 
376 pPmin' 1 ). The activity loss is calculated versus the initial 
value of 42 nmohmin' 1 . 



4. Conclusions 

We have shown that porous silicon can be fabricated on high aspect ratio silicon 
microstructures. From the results it is also evident that the morphology of the 
porous silicon layer determines the surface enlargement of the coupling matrix. 
Compared to previous strategies of surface enlargement, i.e. decreasing the 
channel width, the technique of utilising porous silicon is the most favourable. 

The results also indicate that the optimum activity increase, with respect to 
the depth of the porous layer and its morphology has not yet been reached. 
Experiments are currently being carried out to investigate the influence of these 
parameters to further optimise porous silicon as the coupling matrix for 
enzymes. 
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Abstract: Usually, classical syntheses from n starting materials require sequences 
of at least n- 1 preparation steps including separation and purification of the inter- 
mediates. A perfect alternative for the rapid synthesis of a large variety of chemical 
products are one-pot syntheses by multicomponent reactions (MCR)^^ based on 
the isocyanides. Between four and seven different types of reactants (educls) are 
mixed in a reaction vessel to form a product that contains at least one part of each 
educt. The educts and intermediates equilibrate and a stable product results, often 
with quantitative yields, in the final practically irreversible step involving die isocy- 
anide. Reactions of diis type are widely used for combinatorial chemistry. The min- 
imisation of such syn dieses and die computer-assisted handling of die results offer 
die chance of automating preparative chemistry. 

1 Automation in Combinatorial Chemistry 

Combinatorial chemistry is by far the most important and most impressive tech- 
nique today, reducing time and costs associated widi lead generation and optimiza- 
tion during die drug discovery process.^ Combinatorial chemistry is capable of 
generating and optimizing leads faster and widi fewer resources dian conventional 
means. Involving a complex interplay between classical organic syntiieses, rational 
drug design strategies, and robotics, combinatorial chemistry employs a wide array 
of methodologies to generate vast numbers of chemical products, tiiat can be effi- 
ciently screened for biological activity 

While several screening mediods are automated, die chemical syntiieses of com- 
pounds otiier tiian peptides or DNA are not. For automating chemical syntiieses 
several requirements must be satisfied: 

• The used chemical reactions must fulfil a high degree of reliability, which 
implies good yields without explicit optimization. 

• The reactions must be widely applicable and must give access to a rich and 
interesting product spectrum by high diversity. 

• The reactions must run under mild conditions in order to reduce die risks of 
faults or stoppage. 

• The products must not be purified after synthesis for automated screening. 




185 



2 Multicomponent Chemistry 

In principle all chemical reactions correspond to equilibria between one or two 
educts and products. However, in practice the majority of the preferred preparative 
reactions behave irreversibly, and if no competing procedures take place, quantita- 
tive yields of products can be formed. 

The usual conversions of more than two sta ting materials into die desired prod- 
ucts correspond to sequences of several different preparative procedures. Such syn- 
theses include die isolation and purification of intermediate products. Usually this 
requires much chemical work. The more preparative steps are necessary, die lower 
die final yield of die product usually is. Woodward's famous 28 steps synthesis of 
strychnine had a final yield of a fraction of' percentage^. After diree decades of 
sophisticated improvement the strychnine could be synthesised by 25 steps, and 
dien a yield of 3 % was achieved^. 

Compared to such multislep syntheses some MCR's have great preparative 
advantage: Their products can be obtained simply by mixing three and more chem- 
ical compounds and proceed widiout the need for special conditions. They gener- 
ally have higher yields than comparable multistep procedures. In addition a one-pot 
MCR synthesis requires far less work and lime. 



2.1 Overview 

The first MCR product was formed from bitter almond oil and ammonia in 1838 
In 1850 the chemistry of MCR's s tailed J 9 ^ 10 ^ In 1859 the first isocyanides (for- 
merly known as isonitriles) were synthesized.^ 1 As chemists' understanding 
about chemical bonding grew, it was realized that isocyanides are remarkably dif- 
ferent from other chemical compounds: isocyanides are the only class of stable 
organic compounds containing formally divalent carbon. The irreversible transfor- 
mation of divalent carbon (C 11 ) to tetravalent carbon (C IV ) yields enough energy to 
drive the reaction to completion and thus avoids undesired irreversible by-products. 
Although the chemistry of the isocyanides has been of interest ever since, it has 
nevertheless been neglected for almost a century. This was due to the strong and 
offensive smell of most of the known isocyanides, as well as to the fact that there 
were no convenient methods of preparation. In 1958, Ugi and his group developed 
new chemical methods to prepare isocyanides^ 12 ^ 13 l and one y ear later they dis- 
covered anew type of MCR, the four-component reaction of isocyanides^ 12 Jt ,4 Jl J - 5 1, 
which is quoted as the Ugi-reaction^, abbreviated as Ugi-4CR or U-4CR^. 

Such one-pot MCR's have generally great preparative advantages over syntheses 
that are multi-step sequences of reactions where one or two components participate 
at each reaction step. The MCR's proceed particularly well, if all components mid 
intermediate products are subject to equilibria, and only in the final one or two 
steps of the reaction towards the product hike place irreversibly. Therefore the for- 
mations of heterocycles by MCR's and the MCR's of the isocyanides go to comple- 
tion with good yields. 
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2.2 The U-4CR 

The TM-CR has become part of the canon of textbook chemistry. In contrast to 
classical MCR’s, the U-4CR can be varied, modified and combined with other 
reactions and MCR's in many different ways. In fact, the IJ-4CR can be applied in 
more different ways than all of lire oilier MCR's together.* 17 * 

In an usual one-pot U-4CR an amine 1, a carbonyl compound 2 and an acid com- 
ponent 3 equilibrate with its a-aminoalkylation 4 and anion of the acid 5. The a- 
aminoalkyl cations 4 and anions 5 undergo a-additions onto isocyanides 6, forming 
intermediates 7 which rearrange into stable products. Interestingly, the U-4CR is 
not just a single type of a reaction. In die MCR's of the isocyanides three and more 
components equilibrate, and only the final a-addition of cations and anions onto 
the C 11 of the isocyanides is irreversible and form intermediates 7, where the C 11 
have been converted into C IV . The great variety of different types of final U-4CR's 
arises from the last step of the reaction, the irreversible rearrangement of 7 into sta- 
ble products. The final rearrangement depends on the different types of amines 1, 
acids 3 and isocyanides 6 used in U-4CR. (Schema).* 12 * 
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2.3 MCR’s in Combinatorial Chemistry 

Since ordinary reactions only generate a very limited number of distinctive com- 
pounds, sequential multi-step syntheses are carried out. For example the 200 com- 
mercially available carboxylic acids and alcohols can be combined to only 40.000 
carboxylic esters. In order to increase the library and their diversity, secondary 
reactions have to be done on the primary library. Therefore such kind of combina- 
torial chemistry is limited to solid phase chemistry, with all its advantages and dis- 
advantages. 

Alternatively, one can perform MCR chemistry with its very great advantage of 
diversity and huge numbers of different compounds. When about 200 carboxylic 
acids, 200 amines, 200 carbonyl components and about 20 isocyanides are used as 
starting materials, the U-4CR can produce huge libraries of up to 160.000.000 con- 
stitutionally different compounds, not counting stereoisomers. Even larger libraries 
can be generated by performing variations of the U-4CR and its extensions.* 18 * 




187 



2.4 Unions of MCR’s 

In 1993 die first unions of MCR’s were carried out. The first 7CR’s (schema) were 
published, which illustrate this fundamental progress.^ 19 * These results led to a new 
principle of designing chemical reactions. 
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In recent years Ugi succeeded in developing methods of reacting an even greater 
number of components (five to seven different chemical compounds) in one-pot 
MCR's with isocyanides. The more educts are involved the more diversity you gain 
mid the bigger is the number of achievable products. However, rather often with 
more involved educts the reactions need an optimization of die reaction conditions 
in order to produce high yields. 



3 Limits of MCR-Chemistry 

In the early days of die U-4CR the search for its optimal preparative conditions 
were investigated systematically. Its reaction mechanism was studied intensely in 
1962-1967J 20 ^ 2, J It was dien realized, dial the IJ-4CR depends very much on die 
reaction conditions and sequence of mixing its four different starting materials J 12 ^ 
Sometimes a IMfCR proceeds only well, if rather optimal reaction conditions and 
a sophisticated procedure is usedJ 12 ^ 

The multistep syntheses of desired targets from many shirting materials require 
much more work mid time dian die one-pot MCR’s. Under optimal reaction condi- 
tions the U-4CR\s often form practically quantitative yields. On the odier hand, 
diis reaction quite often requires experimental information in order to find a high 
yield of a pure product. The IMfCR’s often depend on the solvents, concentradons 
of educts mid reaction conditions. This is illustrated by the fact diat one of die 
U-4CR\s leads in methanol to a 100% yield of the expected product, while in a non 
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polar solvent, the same ecluet components produce a quantitative yield of the 
P-3CR product 12Jf22] without any participation of the present amine compo- 
nent t^ 23 l Occasionally the components of the LU4CR react slowly and have low 
yields of products, in such cases the reaction often proceeds quantitatively within a 
few minutes, when the amine and carbonyl components are precondensed J 12 ^ 24 ^ 

4 Micro-MCR 

I Jgi-MCR fulfils the demands of combinatorial chemistry in a /ery effective way. 
In a onepot-MCR-synthesis the formation of defined drug-like products with high 
yields is easily possible. MCR's of the Ugi-type are very reliable for a high number 
of available building blocks. Combined to the microreaction units and their known 
advantages it should be possible to perform massive parallel syntheses of drug can- 
didates. Connecting the microreaclion units with automated screening units the 
search for leads and their optimization may be automated at extremely low costs 
and risks. 
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MCR XII. Efficient Development of New Drugs 
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Abstractive principles of combinatorial chemistry accelerate the development of 
new drugs enormously. Molecular libraries on the basis of multicomponent reac- 
tions (MCR) in liquid phase provide products of high diversity. Automated parallel 
synthesis and automatic analysis units (e.g. HPLC) provide the chance for optimiz- 
ing the reaction conditions in an efficient way. Multi-parameter optimization by 
means of the genetic algorithm or other heuristics induce better yields at higher 
selectivity. The computer aided syntheses of molecular libraries under optimized 
reaction conditions with quality control results in an automaton, where the drug 
designer has the only but important task to choose the most useful starting com- 
pounds and thereby the molecular sub-space of a MCR. 

Keywords. Combinatorial Chemistry, Multicomponent Reactions, MCR, Ugi-Che- 
mistry, Ugi-4CR, Genetic Algorithm, Microreactors 

1 Introduction 

The development of new automated micro bio-assays for the screening of chemical 
compounds (high-throughput screening) is a major challenge for organic synthetic 
chemistry. Biologically interesting compounds must be produced seletively and in 
great number. Combinatorial chemistry meets these demands. However, combina- 
torial chemistry requires reliable and practically irreversible chemical systems. 

This is a limitation for the selection of hereby useful chemical reactions. In 
order to reasonablely use a reaction within the process of combinatorial lead find- 
ing, the following requirements should be fulfilled: 

( 1 ) simple preparation procedure 

(2) selective generation of products 

(3) high yield of products 

These points defiver a checklist for the selection of a reaction for the use in com- 
binatorial chemistry. Microreactors may increase the number of reactions available 
for combinatorial syntheses, especially those reactions displaying problems due to 
point 1. Point 2 and 3 depend on the chemical properties of a reaction exclusively. 
They must be fulfilled for as many compounds of the reacting educt classes as pos- 
sible. 
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Up to now these requirements are best fulfilled by the Ugi-type reactions which 
are eintopf-reactions of four or more components. 

2 Ugi-MCR in Combinatorial Chemistry 

The class of Ugi-type multicomponent reactions^ (Ugi-MCR) is widely used in 
combinatorial chemistry due of the resulting variety of biologically interesting 
compound classes. These reactions show many preparative advantages. Since they 
are eintopf-reactions there is no necessity of isolation and purification of interme- 
diates. Four to seven reagents form well-defined products with good selectivity. 
Since it is possible to use many different compounds and compound classes as rea- 
gents the number of so called ‘building blocks’ is nearly unlimited. Therefore the 
number of products is enormously high. As an example an Ugi-4CR shall be pre- 
sented where only 20 different reagents per reacting compound class are put in. 
Resulting are 20 4 = 160.000 different products. 




O R 3 



Fig. 1 : 160.000 Ugi-products are obtained by reacting 20 different FT-R 4 educts. 

The successful realisation and also the obtained product of a MCR which runs as a 
sequence of reactions in one pot, depends on the chosen reaction conditions 
(Fig. 2). To find the best reaction conditions for the sy thesis of a combinatorial 
library, an evolutionary approach will be chosen. The use of microreactors facili- 
tates the determination of reaction pararameters. 
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Fig. 2: Solution-dependent competition of Passerini-3CR and Ugi-4CR 
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3 Optimization of Ugi-4CR 

The procedure for optimizing the path of a reaction leading to higher selectivity 
and better yield will be shown now taking the Ugi-4CR as an example. The analy- 
sis of the parameters of the Ugi^tCR leads to the following result: 



qualtitatve reaction conditions 


quantitative reaction conditions 


set of starting compounds 


concentration of starting compounds 


kind of solvents 


ratio of solvent mixture 


sort of catalyst 


concentration of catalyst 


acidity/basicity 


concentration of acid/base 


mixing process 


reaction time 




temperature 



The basic parameters of the reaction - set of reagents, solvents, catalysts, addi- 
tion of lewis-acid or -base - are extended by the individual concentrations and 
moment of addition respectively. This yields a multidimensional parameter space 
within which the desired parameter set must be found. The yields of a chemical 
reaction may be described as a multimodal function f with a multimodal result: 

f(RP,RT) := Y (product 1), Y (product 2), ... , Y (product n) 

(where RP are the reaction parameters, RT the reaction type and Y the yield) 

The usual aproach of finding a desired result for the Y's, e.g. to reach maximal 
yield for a special product, is trial an error. Since f is not known and therefore no 
analytical optimization method (requiring the derivative f of f) can be used. An 
alternative to trial and error is the genetic algorithm. 

The genetic algorithm is a heuristic procedure which uses the principles of natu- 
ral evolution for optimization [ 2 fi 3 H 4 H 5 M 7 J. it builds a population of solutions for 
a problem (here: parameter sets for the Ugi-4CR) by random and treats this popula- 
tion by mutating and mating its individuals and selecting the best of them for sev- 
eral generations. The members of population grow better with every generation. 
Finaly an acceptable solution will be found. Before the selection (which happens at 
the end of every generation) there is assigned a fitness value to each member of the 
population. In case of optimizing reaction conditions the fitness value may be the 
yield of a desired product. The higher the yield, the higher the fitness value of the 
accordant member of population (i.e. set of reaction parameters). 

However, the prerequisite for this strategy is that the different products and their 
yields are analysed. An appropriate experimental environment coordinates, con- 
trols and evaluates a great number of experiments. 

Due to the possibility of automization the parallel realisation of experiments is 
not very complicated nowadays. The results of reactions are evaluated via the 




193 



HPLC-technique. The target of optimization are the desired theoretical HPLC- 
spectrum or retension time and integral of the desired peak respectively. The fitness 
value of a set of reaction parameters corresponds to the difference between the 
actual result of an experiment and the desired result. The generation cycle of the 
genetic algorithm is stopped when a set of reaction parameters is found which 
forms the product with sufficient selectivity and yield. 



„ , Reaction 

Reagents Solvents Conditions 




Fig. 3: Architecture of a microreactor-based reaction optimization. 



4 Automating the Optimization-Process 

An automated optimization cycle starts with a preliminary examination of the reac- 
tion itself via HPLC-MS. On the basis of these results the educts" and products" 
peaks are identified. Now the experimentator generates a target spectrum which 
will later on be compared to the experimental spectra. 

The first generation of experiments is generated randomly. A control and setup 
unit adjusts the amounts of reagents to make sure that the HPLC-spectra remain 
comparable and coordinates the reactions time-table. 

The different reactions are run parallel in microreaction units. These can be 
microtiter plates (batch-processes) or microreactors (flow-processes). 

When the reactions have ended the resulting solutions will be analysed in an 
automatic HPLC-unit and thereafter evaluated by the genetic algorithm. 

After mutating and mating the selected parent parameter sets, a new series of 
experiments is launched (next generation). 
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Fig. 4: Flow of the automated optimization process 



5 Conclusion 

Due to the progress in microreactor technology and automation of organochemical 
syntheses, the field of applications of MCR's is broadening. The use of microreac- 
tors for die proposed optimization cycle faciliates control of reaction parameters 
like temperature, pressure, mixing, etc.. The result of optimization is a synthesis 
scheme which is adapted to a specified selectivity and yield. 

Once a set of optimal synthesis parameters is found the product can easily be pro- 
duced in greater amounts by parallelly running the reaction in many microreactors. 
Numbering-up replaces the often expensive and time-consuming scale-up. 

By means of heuristic optimization methods, modem reactor technique and 
high-level automation it should be possible to open way for using a lot of new 
reactions for combinatorial chemistry. 
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Abstract. Computer chemistry as well as the newer research in computational 
chemistry try to predict or estimate reaction pathways. To date this kind of synthe- 
ses planning has not succeeded, nor did approaches using rule-based heuristics like 
so-called expert systems. The reason for this is that reacting compounds are a 
highly parallel system. Molecules of the same chemical compound will react in dif- 
ferent ways and/or at a different moment. Too many parameters are responsible for 
how chemical reactions proceed. Computers can not follow chemical reactions. Up 
to now, the only way to handle chemical problems is to use the chemistry itself. 
Usually synthetic chemists are interested in the main product exclusively. Naturally 
they do not care too much about side reactions and other strange things going on in 
their reaction vessels. But this complexity of chemical reactions can be useful for 
solving problems for which computers are far too slow. 

Chemical reactions may be considered as mathematical functions. They have 
parameters like starting compounds , temperature , concentration or time. In a mix- 
ture of one mole of each of the reacting compounds you will find one mole func- 
tions. 

There is a class of problems in computer science that is called NP-complete. For 
problems belonging to this class no algorithms exist to solve the problem within 
acceptable time. A solution is to involve a highly parallel system of problem solv- 
ing functions like the syntheses of libraries of multicomponent reactions. It seems 
that the best way to calculate or simulate chemistry is chemistry itself, and instead 
of using computers to solve chemical problems, chemistry may solve problems of 
computer science. 

In order to make such a project possible, well-controlled chemical systems are 
necessary. Such apparatus covers one or more microreaction units, automatic 
detection units and a feedback unit for the syntheses control. An example for opti- 
mization using a chemical genetic algorithm will be presented. This involves a var- 
iable set of microreactors running parallel and a compound detection unit. 

Keywords. Combinatorial Chemistry, Multicomponent Reactions, MCR, Ugi-Che- 
mistry, Ugi-4CR, Genetic Algorithm, NP-Problems, NP-Completeness, Chemical 
Computers, Microreactors 
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1 Introduction 

Reacting compounds represent a highly parallel system. Molecules of the same 
chemical compound will react in different ways and/or at a different moment. 

The high number of concurrent processes and parameters affecting them prevent 
the simulation of reaction vessels. It is no surprise that chemists who wanted to pre- 
dict or estimate reaction pathways by the help of computers have not succeeded. A 
theory for chemical reactions is still not in sight. This problem of the computer 
chemists may be profitable for computer scientists, hence chemical reactions corre- 
spond with mathematical operations and molecules may be interpreted as numbers. 

The combination of microtechniques with “deterministic” multicomponent reac- 
tions might enable sub-microscopic computers (Fig. 1). 




Fig. 1: Classical logical units may be implemented by chemical reactions. 



2 The Shortcomings of Classical Computers 

There is a class of problems for which you can not find algorithms that would solve 
them within acceptable time and space (for example within the life time of the used 
computer). This class of intractable problems is called Some examples: 



• The partitioning problem (Fig. 2): 
Given a number of pieces of different 
weight which shall be distributed into 
two racks. The only condition to take 
into account is the pieces should be dis- 
tributed fairly: the weight of the racks 
with the contents should be as similar as 
possible... The number of possible ways 
to fill n pieces into the racks is 2 n . That is 
32 different ways for 5 pieces but already 
32768 different ways for 15 pieces. 




Fig. 2 : How should the pieces be distributed 
to get racks as equally heavy as possible? 
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• The travelling salesman problem 
(Fig. 3): Given a set of cities and paths 
between them. Find the shortest 
directed tour that starts at a given city, 
ends at a given city, and visits every 
other city exactly once... The number 
of possible tours of the travelling sales- 
man through n cities is /i!. That is 120 
different tours for 5 cities but already 
130767'436'800 different tours for 15 
cities. 




Fig, 3: There are six different paths to visit 
three cities between S and D exactly once. 



As long as there is a small number of units such problems are simple. But the 
tractability decreases very fast with a higher number of pieces to distribute into two 
racks, or the number of cities to visit and so on (Fig. 4). 




Fig. 4: The amount of time to solve a certain kind of problem depending on its size is growing 
according to different mathematical proportions. 

Another class of problems has constant complexity, but the constants of the prob- 
lems are rather high. An example is the chess problem: Find the best next move in a 
game of chess. Also the simulation of chemical processes on a molecular level fails 
due to the huge number of objects. Computers can not follow chemical reactions. 
The only way to handle chemical problems seems to be chemistry itself. 
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3 High Complexity Computers 

The presented problem classes may become tractable by processors that work 
highly parallel and/or their calculation capacity increases with the size of the prob- 
lem. Such conditions might be fulfilled by “deterministic” chemical reactions with 
a variable number of components. 

3,1 Chemical Reactions Implement Mathematical Functions 

In a mixture of one mole of each of the starting compounds of a reaction you will 
find one mole (~10 24 ) single reactions. Chemical reactions may be considered as 
mathematical functions. Their parameters are the kind, amount and concentration 
of the starting compounds, temperature, time, etc. 

There are chemical reactions that involve more than two reaction partners. These 
are called multicomponent reactions (MCR)^. A chemical reaction involving n 
components is called an n-CR. In this context especially interesting are the multi- 
component syntheses of molecular libraries, which are obtained by mixing more 
than one compound per compound class, i. e. two or more amines, two or more iso- 
cyanides, etc. All the possible combinations of these compounds will result 
(Fig. 5). This so-called liquid-phase combinatorial chemistry is a rather new 
branch of preparative chemistry. It uses the combinatorial properties of mixtures of 
molecules. The chemical properties of the molecules determine the reaction pat- 
terns, the executing “programme”. 




Fig. 5: The different ways to combine the starting material (noted as a Petri-Net). 

The product library has features that can be interpreted as the result of the chemical 
operation: The product compounds display different properties like specific yields, 
molecular mass, different chemical characteristics, etc. 
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The number of carbon atoms in the product molecules or the length or the mass 
of peptides may be interpreted as natural numbers. The sequence of molecular 
“markers” show the sequence of the chemical reactions and thereby the “way” the 
result was “calculated”. 

Using ^-component reactions for solving problems of size n , the effects of the 
degree of the complexity of the problem would be eliminated. 

The syntheses of molecular libraries are like interdependent functional systems: 
The results of one function are the input for other functions. Microreactors provide 
the possibility to run reactions within little space and under computer control. For 
special problems one might need special arrangements or architecture of such 
micro units. Especially for optimization problems. 

3.2 Chemical Computers Doing Chemistry 

An example for problematic optimization within chemistry is to find the optimal 
reaction conditions. This problem may be solved by using a “chemical” genetic 
algorithm that involves a variable set of microreactors running parallel and a com- 
pound detection unit. This hardware is necessary to implement the fitness function. 




Reaction 

Reagents Solvents Conditions 

i*|B|c|Q| HU [tFH 










Fig. 6: Microtechnology and the genetic algorithm used for optimizing reaction parameters. 

The genetic algorithm is a random based method which imitates biological evolu- 
tion^ 8 ^ 9 ^ 10 l The abilities of a simple organism are mostly determined by its 
genome , that is the set of its genes. While competing during several generations the 
individuals of a species will be selected according to their ability to survive - their 
fitness. Individuals with better genomes will be preferred. 

For the application of this procedure onto optimization problems genes are 
assigned technical interpretations. A number of genes make up a genome. Each 
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genome corresponds with individuals belonging to a population. The first popula- 
tion will be randomly initialized. The genes of each individual are interpreted as 
parameters representing a solution for a given problem. In the case of optimizing 
the reaction conditions, each gene would be interpreted as a reaction parameter, 
like temperature, flow velocity, solvent, etc. One genome corresponds with one 
complete set of reaction parameters. 

The individuals are used to produce new individuals via crossover , i. e. mixing 
the genes of two or more “parent” individuals. By this means the offspring genera- 
tion comes into existence. Mutation of some of the genes of some individuals is a 
chance to get previously not existent individuals and thus keeps the population 
from converging to one single genome. 

The quality of the individuals may be compared by a fitness function. The yields 
of the reactions under different reaction conditions may be interpreted as different 
fitness values. By assigning a fitness value to each individual of the population the 
fitter individuals can be selected from the less fit. A certain amount of them will be 
chosen as parent population for the next generation. 

This process of crossover, mutation and selection repeats until a satisfying indi- 
vidual is found or the increase of the fitness stops. 

Mathematical models for optimizing reaction conditions exist only for simple 
chemical reactions. It appears to be fruitful to let chemistry “produce” fitness val- 
ues. A set of initial reaction conditions (initial population) proposes the genetic 
algorithm choosing random values from given domains pe [llOOhpa; 2500hpa], 
(Te [0°C; 60°C], Se {Water, Methylenechloride, Methanol, Isopropanole}, etc.). 
Then the reactions are carried out in an array of microreactors 

The subsequent detection of the amounts of products delivers a fitness value for 
each set of reaction conditions. After determining the fittest reaction conditions a 
new generation will be made by crossing over and mutation of the “parent” reac- 
tion conditions. This procedure is continued until a satisfying set of reaction condi- 
tions will be found. 

For problems of a comparable structure (about 10 genes per individual) it needs 
around 100 generations with a population size of 50 to find satisfying solutions. 

3.3 Chemical Computers Solving Mathematical Problems 

Planning a chemical system for mathematical (esp. combinatorial) problem solv- 
ing, additional aspects are of importance. These concern the correspondence of 
mathematics and chemistry. 

3.3.1 Problem Size Compatibility 

The chemical system must potentially produce at least as many structures as there 
are different solutions. Each mathematical solution must have one or more (theoret- 
ical) chemical counterparts. This demands that the representation function from the 
mathematical to the chemical world must be total, i. e. it must be defined for any 
value/object. Moreover there might exist several chemical structures that represent 
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the same mathematical information. The interpretation function mapping from the 
chemical to the mathematical world must be total, as well. The following table 
shows that the travelling salesman problem (column A) with n cities to visit can be 
represented by the chemical structures resulting from an ^-component reaction 
with n different starting materials per class (column E). This is due to the approxi- 
mation of ft! by n n (Fig. 4). The solutions of the partitioning problem (column B) 
on the other hand can be represented by the molecular space of a n-component 
reaction with 2 compounds per class (column D with c=2). These two sets have 
exactly the same size. The same problem could also be solved by any other n - CR 
with more than 2 compounds per class (column D with c>2). However, none of the 
problems with exponential complexity could be solved by a 4CR (column C) 
because of the constant number of reacting classes (c). In the 4CR the number of 
molecules grows only polynomially with the number of compounds per class (n). 
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14 
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1,1112E+16 


1,30767E+12 


32768 


50625 
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4,37894E+17 



3.3.2 Problem Structure Compatibility 

The way the structures are produced must correspond with the given (combinato- 
rial) problem. For each of the structures and its amount there must exist an interpre- 
tation into the mathematical level. 

3.3.3 Solution Detection 

The solution which may be the existence of a certain molecule or its amount must 
be found. There must be a method for doing this. Ideally, only the best solutions are 
chemically formed. Otherwise the amount of a compound must be detected or the 
solution representing compound must be separated by means that base on the phys- 
ical properties of the solution molecule. If the solution is represented by the mole- 
cules with least mass, a centrifuge might help. 

3.3.4 Chemical Programme 

Chemistry must solve the given problem by its own programme. There is only little 
and constant possibility to influence the chemical systems. 
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4 Limits and Conclusion 

In order to establish a chemical computer, well-controlled chemical systems are 
necessary. Such apparatus cover several microreaction units, automatic detection 
units and a feedback unit for the syntheses control. 

Multicomponent chemistry may serve to solve problems of computer science 
which are regarded as “intractable” for electronic computers. Multicomponent 
reactions may be adapted to the size of the problem by using a higher number of 
different starting materials per compound class and by using different chemistry, 
i. e. ^-component reactions with n>l , without changing the number of micro units. 

Problem solving chemistry must execute rather deterministicly. The Ugi-4CR 
fulfils this requirement by combining four molecules to one product molecule. 
Only few reactions are of this perfect quality. Using unreliable chemistry calcula- 
tion errors may occur. 

For NP-problems the amount of different molecules (and/or their size) is grow- 
ing exponentially. This means that from a certain size of the problem tons of mole- 
cules must be produced. NP-problems stay intractable from a certain size on. 

If chemical problems have to be solved, as to optimize the reaction conditions, 
chemical computers do this without detour. No mathematical model, no representa- 
tion and no interpretation is needed. The model world is at the same time the real 
world. This way of problem solving is to be preferred. 
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1 Introduction 

There is growing interest in microfabricated devices that perform 
chemical and biochemical analysis. The general goal is to use 
microfabrication tools to construct miniature devices that can perform 
a complete analysis starting with an unprocessed sample. Such devices 
have been referred to as lab-on-a-chip devices. Initial efforts on 
microfluidic laboratory-on-a-chip devices focused on chemical 
separations. Several laboratories have reported over the past few years 
on devices microfabricated using planar glass substrates for performing 
capillary electrophoresis [1,2, 3,4, 5, 6,7, 8, 9], Microchip devices have been 
demonstrated that perform open channel electrochromatography [10], 
and micellar electrokinetic capillary chromatography [11]. 
Micromachined glass substrates have also been used for the separation 
of DNA fragments [12,13]. These miniature devices have shown 
performance either equivalent to or better than conventional 
laboratory devices in all cases investigated. For example, injection 
performance with the microfabricated devices has been observed to be 
one to two orders of magnitude more reproducible than with 
conventional capillary electrophoresis with 100 pL volumes. Other 
miniature chemical analysis devices that have recently been reported 
include flow injection analysis [14, 15, 16] and biosensors [17]. 

More recently, monolithically integrated devices that embrace the 
concept of the lab-on-a-chip have been demonstrated. These devices 
include chemical reactions and separations micromachined into a single 
structure with reactions occurring prior to separation [18], [19] and 
following separation [20]. One of these integrated devices performs an 
enzymatic digestion of DNA and electrophoretic sizing of the 
fragments [19]. 

The microfabricated devices that we have been working with have 
demonstrated the ability to manipulate very small volumes of fluid (= 
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100 pL) with high precision (< 1% rsd). The ability to combine 
reagents and perform chemical reactions “on-chip” suggests the 
eventual ability to perform virtually any type of “wet-chemical” 
bench procedure on a microfabricated device. The paradigm shift of 
moving the laboratory to a chip includes the advantages of reducing 
reagent volumes by four to six orders of magnitude, automated 
manipulations with no moving parts, reduced costs, highly parallel 
chemical processing, and higher processing speed. The volume of 
fluids that are manipulated or dispensed in the microfluidic structures 
discussed above is on the nanoliter scale or smaller versus tens of 
microliters at best for the conventional laboratory, corresponding to a 
reduction of 10 4 or more! Flow rates on the devices that we have been 
studying are of the order of 1 mL/yr of continuous operation implying 
the ability to incorporate reagents “on-board” the chip. By 
implementing multiple processes in a single device (integration), these 
small fluid quantities can be manipulated from process to process 
efficiently and automatically under computer control. 

There are many potential applications of these fluidic microchip 
devices. Some applications such as chemical process control or 
environmental monitoring would require that a chip be used over an 
extended period of time or for many analyses. Other applications such 
as forensics, clinical diagnostics, and genetic diagnostics would employ 
the chip devices as single use disposable devices. Additional potential 
applications such as genome sequencing and drug discovery include 
laboratory settings where high through-put analyses are desired. In 
analogy with the microelectronics paradigm, the later devices would 
attempt massively parallel chemical analysis. 



2 Microfabrication and microfluidics 

Our laboratory is 
currently involved in a 
program to investigate 
the possibility of 
microfabricating 
miniature instruments 
that perform 
conventional chemical 
analysis procedures. 

Specifically, we are 
investigating microdevices 
for performing the 
analysis of liquid borne 
materials. The approach Figure 2.1: Serpentine microchip, 
taken is to micromachine 
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a channel manifold into a monolithic device that includes all desired 
fluid manipulation for complete chemical analysis. In general the 
microchip devices that we fabricate have footprints of < 1 cm 2 and 
volumes of < 0.3 cm 3 . A microchip with a serpentine column 
geometry, shown in Figure 2.1, has a separation column length of 165 
mm and is fabricated within an 8 mm x 8 mm area. The channel 
pattern is first machined into a glass or fused silica substrate using 
standard photolithography and wet chemical etching techniques. For 
glass and fused silica substrates, an isotropic etch occurs, i.e. etching 
occurs uniformly in all directions, and the resulting channel geometry 
is trapezoidal. The cross-sectional dimensions of the channel depend 
on the width of the photomask and the time of etching. First 
generation microchip electrophoresis devices had cross-sectional 
dimensions of 10 pin deep and 80 pm wide at half-depth. Later devices 
have channel widths reduced to 30 pm. The open channels are then 
closed by direct bonding a cover plate (circular outline in Figure 2.1) to 
the machined substrate. We have developed a direct bonding technique 
for glass and fused silica substrates which results in covalent bonding of 
the substrate and cover plate at temperatures below the softening point 
of the materials. The circular objects at the ends of the channels in 
Figure 2.1 are fluid reservoirs that consist of = 5 mm lengths of 4 mm 
id glass tubing that are stood on end and glued to the chip where the 
channel exits from under the cover plate. Electrical connections are 
generally made by inserting Pt electrodes into the reservoirs. (We 
have recently demonstrated electrophoresis chips with thin film 
electrodes deposited on the substrate and reservoirs machined into the 
substrate, bringing the devices a step closer to a “true” chemistry chip 
similar to a microelectronics chip with electrical pinouts.) 

Fluidic manipulations of materials within the microchannels 
described above are made using electrokinetic transport phenomena. 
Fluid flow can be effected with electric fields by electroosmosis, a 
phenomenon complementary to electrophoresis. If a liquid is placed 
in a tube and the chemistry is such that surface species ionize to create 
an electric double layer, then the mobile diffuse layer can move under 
an applied electric field carrying the solution with it [21]. The 
velocity of the solution varies linearly with the electric field strength 
as shown below in equation 1 . 

1 ) 

= Veo E = A 

4nr\ 

In this equation v eo is the solution velocity, |i eo is the electroosmotic 
mobility, eo is the permittivity of vacuum, e is the dielectric constant, 
z is the zeta potential of the double layer, E is the electric field 
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strength, and h is the viscosity of the solvent. For reference, room 
temperature water in a glass tube moves at a velocity of 1 cm/s with a 
field strength of 1500 V/cm [21]. 

There are several advantages to using electroosmotic flow (EO) for 
microfluidic manipulations. The flow profile obtained with EO flow is 
planar. That is, the velocity is uniform everywhere within the cross 
section of the tube up to the double layer which has a typical thickness 
measured in tens of nanometers. Poiseuille flow, generated by 
hydrostatic pressure produces a parabolic flow profile, i.e. the velocity 
varies continuously with radius and is lowest at the walls and highest at 
the tube center. EO flow does not disperse material of a given type 
along the tube axis as the transverse velocity gradient in Poiseuille 
flow does. The EO flow profile allows for more efficient material 
transport because of minimal axial dispersion and provides a uniform 
flux of material throughout the channel cross section, i.e., there are no 
stagnation regions. Finally, fluid flows can be manipulated (valved) 
with no mechanical parts as described below. 

Charged species also have a velocity component due to 
electrophoretic movement in an electric field. The velocity of a 
charged molecule under an electric field is the sum of the 
electrophoretic mobility, Pep 5 and the electroosmotic mobility, i.e., the 
velocity of the solvent, as shown in equation 2. 

2) V io„ = (H e p + HJE 



Equation 2 implies that reagents 
will move with different velocities 
under the influence of an electric 
field and thus will arrive at a 
reaction site at different times. It 
is important to point out that the 
relative concentrations of the 
reagents will be identical to that in 
the reservoir from which they are 
pumped once the slowest moving 
component arrives at a particular 
site. 

We have developed two 
different types of valves for 
microchip separations. One 
scheme is called a “constant 
volume valve” which is 
schematically described in Figure 
2.2. The channels are connected to 
the separate reservoirs for sample, 
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buffer, sample waste and waste as indicated. The potential distribution 
is initially configured as shown in the top half of Figure 2.2, where 
sample ions are pumped electrokinetically from the sample reservoir 
to the sample waste reservoir. Potentials are also placed on the buffer 
and waste reservoirs to provide a small amount of flow from the 
respective channels into the channel intersection. This additional flow 
spatially confines the sample to roughly the physical dimension of the 
channel intersection and is stable for constant potentials. The plug of 
fluid to be injected is representative of the sample in the reservoir 
after the slowest migrating ion arrives at the intersection. The 
potentials are then redistributed as shown in the lower half of Figure 

2.2 to push the sample at the intersection into the separation channel. 
We have been able to inject « 100 pL volumes with a run-to-run 
reproducibility of ~ 0.3% rsd for peak areas using this technique. This 
reproducibility is one to two 
orders of magnitude better 
than conventional methods. 

A second method was 
developed to inject volumes 
of arbitrary size and to 
provide unidirectional flow in 
the separation channel. This 
approach is called a “variable 
volume valve” or “gated 
valve” which is schematically 
shown in Figure 2.3. The 
same solution reservoirs are 
utilized but the positions of 
the sample and buffer 
reservoirs are exchanged. 

The potential distribution is 
now set as indicated in Figure 

2.3 so that a strong flow of 
buffer goes to both waste 
reservoirs. The buffer flow 
provides fresh buffer to the 
separation channel and also 
pushes the sample stream to 
the sample waste reservoir. 

To make an injection the potential is removed from the buffer 
reservoir so that there is no potential drop between the intersection 
and this reservoir. Sample now flows into the separation channel 
similar to an electrokinetic injection for as long as the potential is 
removed. Upon reapplication of the buffer reservoir potential, the 
sample stream is again pushed to waste. This injection scheme can 
provide larger injection volumes but has an electrophoretic mobility 
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based bias. The gated injection is also quite reproducible with results 
for one specific implementation of < 1.8% rsd for injection volumes 
greater than « 250 pL. We have also used this type of injection to 
perform “on-chip” sample stacking [9] by placing the sample in a 
lower conductivity buffer. Both of these injection techniques have 
been performed with and without electroosmotic flow. 



3 Chemical Separations 

As mentioned above, the initial demonstrations of such microfluidic 
devices involved chemical separations such as capillary electrophoresis 
and liquid chromatography. Up to 150,000 plates have been generated 
in less than one minute using micromachined separation devices. The 
serpentine device shown above in Fig. 2.1 has generated greater than 
40,000 plates for electrophoretic separations using modest separation 
field strengths, e.g. 50 to 300 V/cm. The band broadening due to the 
serpentine geometry has been studied and is dependent primarily on 
the channel width. Channel widths of * 30 pm or less produce minimal 
band broadening effects [6]. 

Speed advantages can also accrue from miniaturization of chemical 
instruments as in microelectronics. Because the small dimensions 
permit lower 
currents and 
efficient heat 
dissipation, 
higher 
separ at ion 
field 
strengths can 
be employed 
which result 
in higher 
efficiencies 
and shorter 
analysis 
times. Speed 
adv ant ages 
also result 
from the 

short injection plugs that can be generated with the micromachined 
devices. In Figure 3.1, for a separation length of 0.9 mm, 
electrophoretic separations with baseline resolution are achieved in less 
than 150 ms with an electric field strength of 1.5 kV/cm and an 
efficiency of 1820 plates per second (Figure 3.1). For a separation 
length of 11.1 mm, a minimum plate height of 0.7 pm and a maximum 
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number of plates per second of 18600 were achieved. These numbers 
are the highest number of theoretical plates per second reported. The 
latter figure of merit indicates that it is theoretically possible to 
analyze « 50 compounds per second. 

We have also studied the separation of neutral species by open 
channel electrochromatography [10] and micellar electrokinetic 
capillary chromatography (MECC) [11]. These two schemes 
employ electroosmotic flow to pump the samples through the channel 
manifold. For the electrochromatography, the surface of the channel 
wall was chemically 
modified with 
octadecylsilane to 
function as the 
stationary phase. In 
Figure 3.2, three 
organic dyes, 
coumarin 440 
(C440), coumarin 
450 (C450), and 

coumarin 460 
(C460), are resolved. 

Electroosmotic flow 
was used to “load” 
the sample into the 
microchip and to 
“pump” the mobile 
phase during the 
experiments. For 
electric field 
strengths of 27 to 163 
V/cm, the linear 
velocity for the 
electroosmotic flow 
ranged from 0.13 to 
0.78 mm/s. Detection 
was performed using 
direct fluorescence for 
separation monitoring 
and indirect 
fluorescence for void 
time measurements. 

Plate heights as low as 
4.1 |Lim and 5.0 |im 
were generated for 
unretained and retained 
components. 




Figure 3.2: Open channel 

electrochromatography. 
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respectively. 

Improvements 
in the 
efficiency 
would be seen 
with better 
stationary 
phase coating, 
channel 
geometry, and 
solvent 
programming 
(shown below). 

In Figure 
3.3, fa st 
M E C C 
separations are 
performed in 
30 s generating 
8800 and 3200 

plates for the least and most retained components, respectively, using 
a cross microchip. Due to the high field strength, 500 V/cm, a loss in 
efficiency due primarily to mass transfer kinetics is observed between 
the unretained peak, C440, and the most retained peak, C460. Three 
primary advantages of MECC over open channel 
electrochromatography are a higher stationary phase density in the 
separation channel, the separation medium is replaceable, and 
fabrication is simpler because channel walls do not require coating with 
a stationary phase. The primary drawback is micelles elute from the 
column, and consequently, a finite separation window can be limiting 
for some separations. 

Solvent programming can be performed on-chip by mixing two 
streams at a tee connector. Programmable, high voltage power 
supplies deliver precise electric potentials to the solvent reservoirs, 
and in turn, electrokinetic transport drives fluids and samples through 
the channel manifold. Mixing is rapid due to the small distances for 
diffusive homogenization of the solvents. Figure 3.4 displays a 60 s 
linear gradient of two buffer streams mixed at a tee intersection. One 
stream is doped with a fluorophore in order to demonstrate the quality 
and precision of the mixing. Gradients can be generated using step, 
linear, or nonlinear functions depending on the requirements of a given 
system. 
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4 Monolithically integrated microchip structures 

Many of the performance features of the microchip separation devices 
(small injection volumes with high reproducibility, millisecond 
separations) are due 
to the dexterity with 
which materials can 
be manipulated and 
the ability to make 
channel 
interconnects with 
essentially zero dead 
volume. The fluid 
manipulation 
capability has led to 
more exciting 
devices t h at 
monolithically 
integrate chemical 
reactions with 
chemical 
separations. As 
mentioned above, we 
have demonstrated 
m icro fabricated 
devices for both pre- 
and post-separation 
reactions. The 
precolumn 
reactor coupled 
to an 

electrophoresis 
channel is the 
first published 
example of a 
monolithically 
integrated 
c h e m i c a 1 
microchip. As 
shown in Figure 
4.1, two 

reagent 
reservoirs are 
connected by 
channels to a 
reaction 
chamber with a 






213 



volume of = 

1 n L . 

Below the 
reactor is an 
electropho- 
resis device 
operated in 
the gated 
inject ion 
mode; thus 
the reactor 
output acts 
as the 
sample 
reservoir for 
the 
electropho- 
r e s i s 
experiment. 

Two 
dif ferent 
reagents can 

be placed in separate reservoirs and electrokinetically pumped into the 
reaction chamber. The reaction time is determined by the velocity of 
the components through the reactor, which can be controlled by 
adjusting the applied potentials. The reaction products are normally 
directed to the sample waste reservoir but can be injected into the 
electrophoresis channel using the gated injection protocol described 
above. The device schematically shown in Figure 4.1 was first 
demonstrated using the reaction between amino acids and o- 
phthaldialdehyde (OP A) to generate a fluorescent product [18]. Figure 
4.2 shows three repetitive electropherograms for glycine and arginine 
reacted with OP A. The flow control is sufficiently precise to 

accurately determine the residence time of the reagents in the reactor. 
Therefore, reaction kinetics for parallel multiple reactions can be 
simultaneously determined by recording the area of each peak as a 
function of reaction time (Figure 4.3). The measured half-times of 
reaction were 5.1 s and 6.2 s for arginine and glycine, respectively. 
These half-times of reaction are comparable to the 4 s previously 
reported for alanine [22], These reaction kinetics can be rapidly 
generated 5 min) under computer control while consuming 
minuscule volumes of reagents (~ 100 nL). This experiment 
demonstrates the potential advantages of performing chemical 
experiments from a computer keyboard! 

More recently, we have demonstrated a monolithically integrated 
device similar to that of Figure 4.1 to perform DNA restriction 
fragment analysis [19], i.e., the two reagents were DNA (plasmid 




reaction time [si 

Figure 4.3 : Variation of product with reaction time for 
amino acids reacted with OPA. 
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pBR322) and a restriction endonuclease (Hint I). The channel walls 
were first coated with linear polyacrylamide to minimize 
electroosmotic flow and then pressure filled with 3% polyacrylamide in 
50mM Tris-borate (pH 8.2), 5mM EDTA. The DNA and enzyme 
were electrophoretically loaded into a reactor with a volume of 700 pL 
by applying a potential to the reagent reservoirs relative to the sample 
waste reservoir. The potential applied to the chip was temporarily 
removed to allow the reaction to proceed for 0.5 to 3 min. Following 
the reaction, potentials were reapplied appropriately to inject the 
digested 
products 
onto the 
separation 
c o 1 um n 
and 
electroph 
oretically 
separate 
them. A 
gated 
injection 
was used 
with an 
injection 
time of 10 
s. The 
restriction 
fragments 
were 

resolved in the presence of 1.0% (w/v) hydroxyethyl cellulose. 
Digested fragments were detected using laser induced fluorescence with 
a fluorescent intercalating dye, TOTO-1 ( Molecular Probes, Inc.). 
The dye was placed only in the waste reservoir and electrophoretically 
pumped countercurrent to the separation. Figure 4.4 shows an 
electropherogram of the restriction fragments of the plasmid pBR322 
digested with Hint I enzyme for a reaction time of 2 min. For this 
electropherogram the separation field strength was 375 V/cm and the 
separation length was 65 mm. The concentration of the undigested 
DNA was 125 ng/p,L corresponding to ~ 30 attomoles of material 
loaded into the reactor. More recently we have improved the 
resolving power of the fragment sizing as is shown in Figure 4.5. A 
DNA sample of pBR322 was digested with Hae III. The HEC was 
replaced with 3% (w/v) of linear polyacrylamide as a sieving media. 
The fragments were separated in a linear column of 25 mm at an 
electric field strength of 82 V/cm. Laser induced fluorescence was used 
for detection of the resolved fragments with an intercalating 
fluorescent dye (TO-PRO) to give detection limits of « Ing/pL. 
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Figure 4.6 shows a simple cross type chip that was used to perform 
on-chip polymerase chain reaction (PCR) with integrated 
electrophoretic sizing. The indicated reservoir was used as the PCR 
reaction chamber holding a typical reaction volume of 10 p.L. The 
other three reservoirs contained 1% HEC sieving buffer with the lower 
waste 
reservoir 
addition- 
a 1 1 y 
contain- 
ing TO- 
PRO as 
a n 
interca- 
1 a t i n g 
dye for 
f luo res- 
c e n c e 
detection 
of DNA 
frag- 
ments. 

A small 
amo unt 
o f 
m ineral 

oil was placed on 
top of aqueous 
solutions in each 
reservoir. 

Thermal cycling 
was achieved by 
placing the entire 
chip on a Peltier- 
based temperature 
controller. After 
cycling, the chip 
was transported to 
a microchip 
elect roph oresis 
station for analysis 
of the generated 
PCR products. 

The fragments 
were detected as 

described above for the restriction digests. The results of an on-chip 



PCR 

Well 




Figure 4.6 Microchip PCR/CE Device 




time [sec] 

Figure 4.5: Separation of pBR322-Hae III 
digest 
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P C R / C E 
analysis using 
AmpliTAQ™ 

D N A 
po lymerase 
(Perkin Elmer 
Cetus) to 
amplify a 500 
bp sequence in 
lambda DNA 
template (25 
cycles) are 
shown in Figure 
4.7. The upper 
electropherogra 
m shows the 
5 0 0 bp 

amplicon and a 
smaller primer- 
dimer product. 

The size of the 
PCR product 
was confirmed 
by manually 
adding FX-174 

(Hae III) sizing ladder to the reaction mixture and perfroming a second 
CE separation (bottom electropherogram). Both fragments produced 
by the PCR reaction have migrations times consistent with their 
expected sizes. The goal of this demonstration is to show that a very 
simple microchip device can include a PCR reactor, using 
conventionally sized sample volumes, and an integrated CE sizing 
function. The simplicity and associated low cost of the device will 
allow the chip to be a disposable component. High throughput genetic 
diagnostic information could be obtained by multiplexing primer sets 
within a well and also by “horizontal” expansion to include multiple 
sample wells and CE separation channels. 

The above results from our laboratory demonstrate state-of-the-art 
capabilities for chemical analysis in microchips incorporating both 
processing (chemical reactions) and separation (analysis) 
functionalities. While these devices are simplistic from a 
microfabrication perspective, they are exceedingly powerful from the 
standpoint of elucidating chemical information from minute quantities 
of materials. The monolithic integration of additional functional 
elements will provide ever greater chemical processing and informing 
power while maintaining fabrication simplicity. Monolithic 
integration will also allow economy of scale fabrication and the 
realization of low cost devices. 




Figure 4.7 : Microchip PCR with integrated CE 
sizing 
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A New Design of a Wafer Based Micro Reaction System 



Christian Wurzel and Brigitte Wittmann-Liebold 
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Abstract. A new design of a wafer based micro reaction system is introduced. 
Main advantage of the system is that dead volume free valves are integrated on 
the wafer. Aggressive chemicals can be delivered in sub micro liter amounts with 
no cross contamination between the chemicals. The system is suitable for several 
applications in biochemistiy or environmental measurements, such as 
derivatisation, amino acid and carbohydrate analysis and microsequencing of 
proteins and nucleic acids. Automation of several processes is possible. The 
reaction chamber can take solid as well as liquid samples. 

Keywords. Micro reaction system, wafer based multiple valve system, protein 
sequencing, Edman degradation 

1. Introduction 

Many analysis tasks in biochemistry, biomedicine, biotechnology or environ- 
mental investigations have to handle scarce amounts of samples or samples in 
low concentrations. In present day’s analysis usually the sample is diluted by the 
addition of reagents and hence, concentration and sensitivity are reduced. In the 
new micro reaction system the samples are concentrated which enhances the 
sensitivity of their analysis. The derivatisation can take place under absolutely 
inert conditions, e.g. oxygen can be completely omitted and for quantitative 
measurements the reagents can be delivered in well defined and reproducible 
amounts. 

All this led us to develop an integrated micro reaction system containing the 
reactor and a multiple valve system. In this article we describe the design of a 
prototype version of the chip derivatisation unit. In a first arrangement the 
functional elements on the wafer are especially designed for high sensitive 
protein analysis, namely to perform the Edman degradation of proteins and 
peptides in the attomole range. 




220 



2. Protein and Peptide Analysis 

Nucleic acids, proteins and peptides are the predominant biomolecules in the cell. 
The proteins consist of short or long chains of amino acids which are folded into 
a specific three-dimensional space structure of high order. Proteins and peptides 
take part in various cell processes, such as transcription and translation, molecule 
transport, signal transduction, regulation and catalysis. A prerequisite for under- 
standing the mechanism of these processes is the knowledge of the polypeptide 
linear sequences and the space structures involved. Variation in the protein genes 
and changes in the protein expression are responsible for diseases which may be 
studied by high resolution two-dimensional polyacrylamide gel electrophoresis 
[1] and characterization of the altered proteins by amino-terminal sequencing in 
combination with mass spectrometry [2]. As an example the separation of the 
total protein mixture of a human heart biopsy separated by high resolution two- 
dimensional gel electrophoresis is shown in fig. 1. About 150 protein spots of 
over 3500 spots could be positively identified by present day’s identification 
techniques. However, for proteins only expressed in minor amounts no technique 
is available yet for their unambiguous identification. 




Figure 1 

Two-dimensional gel of a human 
heart biopsy 



3. Edman Degradation of Proteins and Peptides 

Since P. Edman and G. Begg have developed the stepwise amino acid sequencing 
of polypeptides and automated the chemical degradation by the invention of the 
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sequencer in 1967 [3] many improvements were made in order to increase the 
reliability of the degradation results and the sensitivity for sequencing to the low 
picomole range (see e.g. [4], [5], [6]). However, yet, the sensitivity has to be 
further enhanced in order to enable the analysis of proteins and peptides which 
are expressed only in extremely low concentrations, e.g. during developmental 
processes and at interactions of biomolecules in complexes. 

The Edman degradation cycle consists of four parts: coupling, cleavage, 
conversion and detection. In the coupling stage phenylisothiocyanate (PITC) is 
attached to the amino-terminal amino acid of the polypeptide chain. 
Trimethylamine and water are delivered to provide basic conditions in the 
reaction chamber. Otherwise the reaction does not take place. Oxygen and other 
impurities have to be kept as low as possible, because they lead to blockage of the 
amino-terminus. After the reaction is driven to completeness all excess reagents 
have to be removed. The protein, immobilized on a hydrophobic membrane, is 
washed with solvents. Next step is the cleavage of the amino-terminal amino acid 
from the remaining polypeptide chain under anhydrous conditions. Water-free 
trifluoroacetic acid has to be delivered in smallest amounts to avoid the washout 
of the protein. Traces of water in the TFA lead to unspecific acidic cleavage of 
the polypeptide chain and as a consequence the sequence can not be determined 
unambiguously. The cleaved off anilinothiazolinone (ATZ) amino acid is 
extracted by an organic solvent and transferred into a converter / collector. The 
rest peptide chain remains in the reaction chamber and carries a new free amino- 
terminus for the next degradation cycle. In the converter an isomerisation of the 
ATZ amino acid to the more stable phenylthiohydantoin (PTH) amino acid takes 
place. The solution is dried down and redissolved in running buffer of the 
separation and detection system. After every deliveiy of a reagent the delivery 
channels have to be cleaned and after each reaction the reaction and the 
conversion chamber have to be freed from traces of reagents by washings. Excess 
reagents have to be completely removed. If the reagents remain, e.g. in a delivery 
line, the background raises, the following reactions are disturbed and most 
important, the valves are „glued“ or get untight by solid contamination. Today’s 
automates to perform the Edman reaction consist of separated parts. Valve 
blocks, reactor and converter are separated units connected with Teflon tubings. 
This causes enhanced oxygen penetration. In the conventional sequencers the 
amount of reagents delivered lie between 5 and lOOpl. Washout of the protein 
and a higher background level are the consequences. 

4. Chip Derivatisation Unit 

Here we introduce an innovative micro reaction system by miniaturization and 
integration of the present day’s chemistry and technology. The construction 
consists of a multi layer arrangement. Connections to reagent reservoirs, delivery 
channels, dead volume free valves, internal loops, and reaction chambers are 
fully integrated within the chip. Core part of the system is a wafer consisting of 
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photo structurable glass. UV light exposed parts of the wafer are etched twenty 
times faster than the other parts. In a special processing a two and a half 
dimensional structure with holes through the glass as well as channels at the 
surface are manufactured. Fig. 2 shows a REM picture of the reaction chamber 
together with an inlet line. One sees an almost evenly structured groove into 
which the protein carrying membrane is placed. Fig. 3 shows the whole 
arrangement on the wafer for protein micro sequencing. 18 lines for the inlet of 
reagents, solvents, inert gas and outlets to waste and to the detection system are 
integrated. Each line is closed dead volume free by a membrane valve. Each 
valve can be closed hermetically and individually. The delivery lines with 100 pm 
diameter connect the inlets to the reaction or conversion chamber within the chip 
system. The delivery of the reagents towards the delivery channel is done by 
slight over pressure on the reservoir bottles. In the channel the delivered liquid 
drops are transported to the reactor or converter by applying nitrogen or argon 
pressure to the channel. The amount of liquid delivered is either time controlled 
or exactly measured by volumetric loops which are provided within the wafer as 
well. 





Volumetric Loop 
Inlet /Outlet Line 
Dead Volume Free 
Valve 

Converter / 
Collector 



Reaction Chamber 
Delivery Channel 



50 MM 



Figure 3 

Chip derivatisation 
unit 
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5. Construction Details 

In the arrangement as shown in fig. 3 every inlet and outlet line is closed by an 
integrated valve. On the wafer there are some additional valves which lead the 
fluids to the reaction chamber or to the conversion chamber, respectively. They 
can be closed hermetically or opened and washed independently. The tubings of 
the reagent bottles etc. are connected to the bottom side of the wafer. The 
construction of the connectors are described below. Holes are etched through the 
wafer. They provide the ferrules for the tightening of the glass capillaries 
connecting the wafer with the reservoir bottles. The structured side is completely 
covered by a flexible membrane. Short channels lead from the inlet to the 
deliveiy channel interrupted by valves. The membrane can be lifted by applying 
vacuum or pressed down by applying nitrogen. Therefore holes in the housing are 
connected to 3/2 way pneumatic valves. This device realises a dead volume free 
membrane valve function between inlet and delivery channel. Dead volume free 
means that all liquid is pressed into the deliveiy channel and nothing remains in 
the valve itself. The first valve of a channel is an inert gas supply which 
transports the reagent „drop“ in the channel towards reactor or converter. The 
line can be cleaned and dried. Fig. 4 shows a cross sectional view of the mounted 
valve system. In this figure the design of the connectors is also shown. Limiting 
for the number of reagents to be connected within the wafer system is the 
minimal distance between two connectors given by the outer diameter of the 
thread. In our design a 6 mm distance and M4 threads are sufficient to connect 
standard 1/16” PTFE tubings as well as fused silica capillaries (not shown). We 
use appropriate ferrules or trumpets in order to obtain vacuum tight connections 
of the tubings with the wafer. In the whole system no glue or adhesive is needed. 
All the media get in contact only with glass or PTFE. 




Connection to Pneumatic Valves 

Housing 
Membrane 
Glas Wafer 

Connection to Reagent Bottles 



Figure 4 Cross section of connections and membrane valves 




224 



6. Conclusions 

An innovative approach to construct multifunctional derivatisation units by 
employing micro chip design in combination with traditional technical principles 
has been created. This enabled us to design a wafer based micro reaction system 
for the delivery of more than 10 aggressive chemicals with appropriate inlets and 
outlets, various valves and reaction and collector devices that allow to perform 
series of reactions, such as requested in the Edman degradation chemistry of 
proteins and peptides in conventional sequencers. With this micro reaction 
system sequencing in the attomole range becomes feasible. 
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Abstract 

A silicon microreactor is presented, which was developed for the application in 
heterogeneous immunoassays such as the Enzyme Linked Immunosorbent Assay 
(ELISA). The device is realized in <100> silicon as a single channel and with fluid 
connections on one side to achieve an easier handling in comparison to other, 
already existing designs. The performance of the microreactor is demonstrated 
with T-2 toxin as a model analyte. In this application the microreactors showed a 
high sensitivity, short analysis times and the capability of repeated regeneration. 
Keywords: microreactor, immunosensor, ELISA, silicon micromachining 

1 Introduction 

Chemical reactors are used today for a variety of biosensor applications, usually in 
combination with flow-through techniques like flow injection analysis (FIA). In 
these applications the inner surface of the reactor acts as a solid support for the 
immobilization of biochemically active compounds (e.g. enzymes), which interact 
with corresponding analyte molecules delivered by diffusion from the liquid phase 
inside the reactor. The resulting reaction product is accumulated inside the reactor 
and transported to a separate detector in a continuous or discontinuous flow mode. 

By an appropriate miniaturization of the reactor geometry a number of advanta- 
ges can be achieved for this biosensor principle, like a much smaller reagent con- 
sumption or a decrease of the diffusion pathways together with an increase of the 
surface-to-volume ratio, which both speed up the effective reaction time of a given 
process. Due to the high degree of miniaturization and the high design flexibility, 
silicon micromachining has been chosen for the realization of various microreactor 
designs, which are based on parallel microchannel arrays [1,2] or capillary co- 
lumns [3] with fluid connections at the chip edge [1] and one [2] ore both [3] chip 
sides, respectively. Recent developments are aiming at a further increase of the 
inner reactor surface by application of porous silicon [4]. 

Most of the designs known up to now are targeting the field of enzyme-based 
biosensors (e.g. for glucose detection). This paper describes the development of a 
microreactor for repetitive use in immunological tests like the ELISA. In contrary 
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to already existing designs [1-4] a single open tubus with fluid connections on one 
chip side was realized in this study, since it provides a comparatively low flow 
resistance, a well-defined flow geometry, a single, easy-to-fill flow pathway and a 
much more simplified handling and mounting. It is obvious that the available 
surface-to-volume ratio of a single microchannel is lower in comparison to a 
microchannel array [1,2] or a microreactor with porous silicon walls [4]. There- 
fore, special attention was given to the composition of the inner reactor surface to 
achieve a sufficiently high amount of anchor groups for the immunoreceptor 
immobilization and a high tolerance against repetitive regeneration without loss of 
immunological activity. This latter fact in particular has been left out of conside- 
ration in several existing designs [ 1 , 2 ], which were designed for enzyme-based 
biosensors and frequently an almost unmodified silicon surface for enzyme im- 
mobilization. 

Until now, the microreactor successfully has been tested in two different immu- 
nosensor systems and with three different analytes. This publication will focus on 
recent results for the detection of T-2 toxin; other work has been performed for the 
detection of the herbizide 2,4-dichlorophenoxyacetic acid (2,4-D) and the toxin 
staphylococcal enterotoxin B (SEB) and in part is published elsewhere [5]. 

2 Design and Fabrication 

2.2 Fabrication Process 

The fabrication of the microreactor was performed with a two side anisotropic etch 
process, which uses amorphous silicon carbide (SiC) as an etch stop mask. The 
process starts with <100> silicon wafers, which are first covered with SiC on both 
sides in a PECVD reactor. On the front side a window is opened to define a mean- 
der-shaped channel for the reactor. The front side is etched in KOH, until the desi- 
red channel depth is achieved. Afterwards, the SiC layer is stripped on both sides, 
followed by a dry thermal oxidation step for the deposition of silicon oxide on the 
wafer front side to realize the final coating for the inner reactor walls. The same 
sequence (except the final oxidation) is performed on the wafer back side to 
structure access openings to the meander. After the second KOH etch, a thin sili- 
con oxide membrane remains at the bottom of the access holes, which is removed 
by a short HF dip. The SiC layer covering the front side is subsequently removed, 
and the wafers are hydrophilized in a mixture of H 2 O 2 /H 2 SO 4 . Finally, the mean- 
der is sealed by anodic bonding with a pyrex wafer. 

During the final two steps (layer removal and hydrophilization) a high content 
of silanol groups is provided at the whole chip frontside as a prerequisite for the 
anodic bonding process. To further increase the density of silanol anchor groups at 
the inner walls of the microchannel an alkaline treatment was performed on indi- 
vidual devices before the immobilization was started. For this purpose the micro- 
reactor was filled with a diluted NaOH solution and tempered at elevated tempera- 
tures for several hours. 
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2.2 Design and Geometry 

Using the fabrication process described above, the microreactor shown in Fig. 1 
was fabricated with 
total outer dimensions 
of 20 x 1 1 x 1 mm 3 , 
which exhibits a me- 
ander-shaped channel 
at the chip frontside 
and two fluid ports on 
the backside. The 
geometrical dimen- 
sions of the meander 
were adjusted to 
achieve an internal 
volume of 27 pi ac- 
cording to a miniatu- 
rized tubular im- 
munoreactor, which 
already has been inve- 
stigated in previous work [6,7]. The meander-shaped channel exhibits a trapezoid 
cross section with a wall inclination of 54.7° as defined by the orientation of the 
etch-resistant <11 1> planes. With an exposed silicon oxide area of 258 mm 2 a 
surface-to-volume ratio of at least 9.6 mm 2 /pl is achieved. 

3 Experimental 

3.1 Immobilization Procedure 

For the covalent coupling of proteins the inner surface of the microreactors was 
activated in a two step process with an aminoorganoalkoxysilane and glutardial- 
dehyde. Subsequently the activated microreactors were incubated with T-2 toxin- 
BSA conjugate, followed by a final blocking step. The immobilization parameters 
are given in table 1 . 



Table 1 Immobilization conditions for toxin-BSA conjugate [7,8] 



reagent 


concentration 


time 


3-(2-amino-ethylamino)-propyl- 
trimethoxysilane (AAMS) 


5 vol% in H 2 0 


12 h at 85°C 


glutardialdehyde 


2.5 vol% in PBS 


1 h at room temperature 


T2-toxin-BSA conjugate 


200 pg/ml in PBS 


24 h at room temperature 


ELISA blocking agent (Boehringer 
Mannheim) 


10 vol%in PBS 


96 h at room temperature 




Fig. 1 Photograph of the silicon microreactor 
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3.2 Detection Principle 

As detection principle for T-2 an indirect competitive immunoassay was chosen. 
In this assay the antigen is covalently immobilized as toxin-BSA-conjugate. Mo- 
noclonal 3E2 antibodies against T-2 were prelabelled with an antimouse-IgG- 
urease conjugate and used as a marker. A mouse-IgG antibody was prelabelled 
with urease in the same way and used as unspecific control antibody. The enzyme 
urease converts urea into ammonia, which increases the pH of the urea solution. 
Therefore, the toxin concentration in the sample is correlated with the pH-shift of 
the substrate solution. After each test the receptor layer is regenerated by treatment 
with an acid urea solution. The detailled assay format is given in Table 2. 



Table 2 Assay format for T-2 toxin 



reagent 


assay parameters 


antitoxin antibody (3E2) 


concentration 


0.32 pg/ml in PBS 


mouse-IgG unspecific antibody (negative control) 


concentration 


0.45 jag/ml in PBS 


antimouse-IgG-urease conjugate 


concentration 


0.25 vol% in PBS 


carrier and rinse buffer (PBS) 


NaCl concentration 


8 g/1 


KC1 concentration 


0.2 g/1 


Na 2 HP0 4 concentration 


1.44 g/1 


KH 2 P0 4 concentration 


0.24 g/1 


pH 


7.4 - 7.5 


substrate solution 


NaCl concentration 


8 g/1 


KC1 concentration 


0.2 g/1 


urea concentration 


10 g/1 


BSA 


1 g/1 


pH 


5.4 -5.6 


regeneration solution 


urea concentration 


6 mol/1 


pH 


2.7 



3.3 Measurement Set-up 

All toxin tests were performed using an already established FI A system (Fig. 2), 
whose principle construction has already been described elsewhere [6,7,9]. For the 
performance of the ELISA, the microreactor was mounted in the sample loop of 
the injection valve. Following the detection principle described above, a measu- 
rement cycle was set up with a total duration of 35 min, comprising of sample 
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incubation (5 min), a washing step (1.5 min), substrate incubation (20 min), pH- 
measurement (2 min), regeneration (5 min) and a final washing step (1.5 min). 
During this cycle all reagents were selected via the corresponding sample selector 
valves and transported into the microreactor by the sample pump with an excess 
supply to ensure a complete and homogeneous filling of the microreactor. All 
incubations were done under stopped flow conditions. At the end of the substrate 
incubation step, the urea solution metabolized inside the microreactor was injected 
into the FIA channel and transported to the sensor cell to determine the resulting 
pH shift. 




sample pump 



EC 

carrier pump 



I 

carrier buffer 



ISFETB ISFETA 
fSFET flow-through cell 



carrier buffer 
regeneration solution 
substrate solution 
sample 



waste 



Fig. 2 Schematic of the automated ISFET-FIA system 

For the pH detection a monolithic array of Ion Sensitive Field Effect Transistors 
(ISFETs) is used in a serial flow-through configuration. With a typical pH-sensi- 
tivity of 40 mV/pH this particular set-up provides an effective suppression of 
electrical, electrochemical and thermal common-mode interferences and can be 
operated with a simple metal contact (named PRE in Fig. 2) instead of a fragile 
and maintenance-intensive glass reference electrode [9]. 



4 Results 

In a first measurement serie the immunological binding capacity and the regenera- 
tion capability of the microreactor (i.e. the stability of the receptor layer) were 
tested as key criteria. For this purpose two samples containing only the labelled 
3E2 antibody and the labelled unspecific mouse-IgG-antibody, respectively, were 
analyzed in an alternating sequence using the same microreactor (Fig. 3). The 
explicite average values and standard deviations are given in Table 3 together with 
the signal level of the unmetabolized substrate solution (blank sample). 

The 3E2 sample produces a stable signal with an average pH-shift of approxi- 
mately 1.5 units above the carrier pH of 7.5. At this pH the enzymatic activity of 
urease is already inhibited, which may account to the comparatively low signal 
variation. The unspecific signal level is approximately 1 pH-unit below the carrier 
pH and in total exhibits a higher variation; however, no trend towards an increase 
of unspecific effects is visible. 
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number of measurement cycles 



Fig. 3 Typical result of a measurement serie with specific and unspecific antibodies 



Table 3 Average value and standard deviation for the data of Fig. 3 



sample 


cone. 


number of measurements 


average value 


standard deviation 


3E2 


0.32 pg/ml 


19 


+ 63.8 mV 


7.7 % 


mouse-IgG 


0.45 pg/ml 


19 


- 40.2 mV 


34.3 % 


blank 




8 


- 79.0 mV 


4.3 % 



During the measurements an excellent stability of the immunological receptor 
layers was observed with an only slight decay of the specific response (see Fig. 3): 
at the current state, more than 80 regeneration cycles can be performed on a single 
reactor without a significant activity loss. This is achieved by the surface activa- 
tion of the silicon oxide layer. As shown in Fig. 4 with a repetitive analysis of 3E2 
samples (antibody concentration: 0.32 jag/ml) an unactivated surface rapidly loo- 
ses its immunological binding capacity and also exhibits a slightly lower signal 
level, which both can be attributed to a lower density of functional silanol groups. 
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Of 23456789 10 11 12 
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Fig. 4 Reproducibility measurement of microreactors with and without surface activation 
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Fig. 5 shows a typical T-2 standard curve obtained with one microreactor by 
multiple measurements (4 to 7 samples per datapoint). This particular assay was 
designed to produce a threshold signal rather than a quantitative analysis; for the 
finally chosen 3E2 concentration (0.32 pg/ml) a sharp turnover occurs at a thres- 
hold concentration of about 100 pg/ml. 
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Fig. 5 T-2 standard curve (average value ± standard deviation of 4 to 7 measurements) 

Fig. 6 shows the T-2 standard curves of three different microreactors, which 
were prepared in two different batches. For two microreactors prepared in the 
same batch ( reactor 15 and 17) a good device-to-device reproducibility is obser- 
ved over the whole measurement range. The third microreactor, which was prepa- 
red separately, still shows a good matching of the T-2 threshold concentration with 
a partial deviation of the signal level, which can be attributed to process variations 
in the manual microreactor preparation sequence. 
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5 Conclusions 

In this publication a silicon microreactor is described, which was developed with 
special focus on the application in heterogeneous immunoassays such as the 
ELISA. Experiments with T-2 toxin and other analytes [5] have proven the high 
versatility of this device and have shown a high sensitivity, a good reproducibility 
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and short analysis times. Moreover, it could be demonstrated, that the silicon 
oxide surface provided for the immobilization procedure can be optimized to al- 
low a frequent regeneration without receptor layer degradation. The present reac- 
tor geometry originally has been derived from previous investigations with fused 
silica capillaries [6,7] and has by far not reached the technological limits of silicon 
micromachining. Thus, for the future silicon microreactors can be envisaged with 
extremely low internal volume, rapid analysis time and significantly reduced 
silicon area. Moreover, a number of additional applications can be considered 
beyond immunosensing, covering fields such as enzyme-based biosensors, 
chemical micro analysis systems, micro-miniaturized zeta potential analyzers [10] 
or capillary electrophoresis analyzers. 
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1. Abstract 

For experimental spatially resolved studies in molecular evolution an open two 
dimensional reactor was designed which allows the continuous influx of reactants, 
homogeneous flow through the active reaction layer and the removal of reaction 
products. It is implemented in closed microstructured layers to allow flow control, 
conserve material and avoid contamination. Non-linear molecular amplification 
kinetics can induce spatial species distributions which change the nature of the 
selection process. This new approach unites the insights of ecological field studies 
with the precision of in vitro molecular evolution. We believe that this kind of 
study will open up the way to a better understanding of how optimisation proceeds 
at the molecular level. The design of the reactor is presented along with the 
experimental set-up and first results in a precursor single layer reactor. 

2. Introduction 

Spatial effects have been seen to play a decisive role in evolutionary theory since 
Darwin. Recent progress in our understanding of reaction-diffusion systems and in 
our technological capability to conduct molecular evolution experiments in vitro 
have prompted the design of experiments which unite these two advances in our 
lab III. Most importantly, spatial effects appear essential in allowing the 
continuous optimisation of heterocatalytic function and in the optimisation and 
stabilisation of functionally coupled systems /2, 3/. In the absence of coordinated 
cell-replication, requiring an enormously complicated molecular machinery, it is 
important to investigate the technological capability of simple diffusive isolation in 
conjunction with in vitro molecular biology. The serial transfer technique 
commonly used in molecular evolution experiments, and further advanced in the 
SELEX procedure which has been used to evolve RNA catalysts, is, like the most 
common amplification method PCR, not suitable for an extension to the spatial 
dimension /4, 5/. Rather, the two dimensional reactor we propose is an extension 
of the flow reactor, which is an alternative method of maintaining constant 
amplification conditions with renewal of resources in the laboratory. A similar 
requirement arose in the study of Turing patterns in inorganic reaction-diffusion 
systems, where constant in- and outfluxes of chemicals are necessary to maintain 
the system far from equilibrium. The gel slice reactor employed in the laboratory 
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of de Kepper has recently made the observation of Turing structures possible /6, 
7/. For biochemical experiments with evolving DNA however, much smaller 
volumes are required, contamination must be avoided and the reactions take place 
at low concentrations in the sub-micromolar range. This places special 
requirements on the miniaturisation and the associated sensitivity of detection that 
have led us to adopt the microstructuring technology in silicon and glass /8 /. 
Experiments in closed capillaries allowed the observation of traveling 
concentration waves with evolving RNA, with parallel observation allowing 
statistically significant conclusions to be drawn /9, 10/. Experiments in two 
dimensional gels have also demonstrated circular reaction-diffusion fronts which 
can be used to monitor evolution, but such systems amplify to fill the reactor and 
then the process is at an end and hence are only suitable for the investigation of 
transients /1 1 , 12/. The achievement of a homogeneous flow of chemicals 
perpendicular to a two dimensional thin layer requires special hydrodynamic 
calculation and measurement. In contrast with the inorganic case, the reactor must 
be constructed in such a way that lateral contamination by product DNA is 
avoided, since this would introduce non-local effects into the evolution. Flow rates 
must be adjusted to the slow rates of biochemical polymerisation and diffusion 
which leads to concentration waves in the micrometer/sec range. Fluorescence 
detection and the strong temperature sensitivity of reactions places further strict 
requirements on the experimental setup which have also influenced the final form 
of the two dimensional reactor which we propose here. 

The discovery of a primer directed isothermal in vitro amplification mechanism, 
completed the circle of prerequisites for this approach. The 3SR reaction utilizes 
an alternating process of reverse transcription and transcription between DNA and 
RNA, with amplification occuring in the promoter sequence dependent 
transcription of RNA from double stranded DNA /13/. Two enzymes, extracted 
from cloned E. Coli bacteria with engineered plasmid sequences, are used: the 
HIV reverse transcriptase and T7 RNA polymerase. In addition to nucleotides and 
buffer, the reaction requires specific DNA primer sequences which can be used to 
channel the evolutionary process and construct coupled amplifying systems. The 
existence of monomers, primers, templates and enzymes with very different 
molecular weights provides the reaction with different diffusion constants 
necessary for stationary spatial patterning (see outlook section). This work 
focusses however on the design and construction of the two dimensional 
microstructured reactor. 

Microstructuring materials such as silicon, various glasses or polymers allow the 
miniaturisation of reaction vessels from centimetres down to microns. Thus 
reaction volumes in the nanoliter range can be handled which leads to a 
considerable reduction of the biological material necessary for flow experiments. 
The material conventionally applied in the field of microstructuring is silicon. 
Photolithographic techniques make it possible to produce many copies of similar 
structure, size and quality down to the submicron level. The layout of a structure 
can be designed on a PC or workstation and transformed into a photomask. A 
common photolithographical process is used to create an image on a 
photosensitive compound (photoresist) spun to a film over the silicon wafer. When 
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the illuminated parts of the resist have been removed (the development process is 
similar to photography) it is possible to start etching the uncovered parts of the 
wafer. This well established technology is highly flexible, allowing changes to the 
design as well producing many copies in one design. A further advantage of using 
silicon and glass is the sealing without adhesives of silicon to silicon by silicon 
fusion bonding / 14/ or sealing silicon and glass by anodic bonding /15/ in order to 
create a broad range of three dimensional reaction vessels. 

3. Reactor design 

The centrepiece of the microfabricated reactor is a two dimensional active layer, 
carrying the enzymes necessary for the reaction. The lateral spatial dimensions, 
motivated by the dimension of the expected spatial patterns (<1 mm), are on the 
scale of centimetres. The vertical dimension which is primarily depending by the 
necessary handling of the silicon or glass wafer is at present on the scale of 200- 
400 pm. This makes this structure particularly suitable for the detection of two 
dimensional reaction patterns. From the detection point of view a further reduction 
of the thickness of the reaction layer is possible which allows a further reduction of 
biochemical materials. A perpendicular flow through the reactor permits the 
homogeneous supply of the reactants (dNTPs, rNTPs, primer), the distribution of 
the reaction templates for the initiation of the reaction and the removal of the 
reaction products (RNAs, single-stranded and double-stranded DNA). 

Even so, a continuous renewal of enzymes for long-term experiments is expensive. 
The enzymes have to be immobilised in the reaction layer. Two methods are 
possible: to immobilise the enzymes directly on the surface or to immobilise the 
enzymes on beads first before loading them to the reaction layer /16/. 

4. Hydrodynamical design of the reactor 

As mentioned above, the aim of the reactor is the realisation of a homogeneous 
flow through a layer, where an enzymatic reaction takes place. Figure 1A shows 
the reactor, where the arrays represent the hydrodynamic flow. The reaction layer 
is embedded between two layers with a high flow resistance (pressure barrier). 
Above and below are the filling and the outflow layer. 

The main requirements for the flow are first a nearly zero lateral velocity 
component of the flow within the reaction layer and second a homogeneous 
distribution of the vertical velocity component of the flow through the reactor. 

As a result of the geometry of the bifurcated filling structure, a homogeneous flow 
along the whole width of the chamber can be achieved which means that the three 
dimensional reactor can be described by two dimensional „cuts“ through the 
reactor. Under this assumption it can be shown that the first requirement can be 
fulfilled completely and the second approximately. An analytical view of the 
reduced two dimensional problem based on the Hagen-Poiseuille law allows 
predictions about the optimal choice of the filling geometry and the pressure 
barrier. A symmetrical filling from both sides leads to the most homogeneous flow 
through the reaction layer. 
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Figure 1 : hydrodynamical design of the reactor 

5. Simulation 

The simulation of the hydrodynamic flow in the reactor is based on the assumption 
of a laminar flow, fulfilled for small Reynolds numbers. In the reactor it is 
estimated to be in the range of 10 -10' 5 . The basic idea of the simulation model 
arises from the equivalence of the Hagen-Poiseuille law and Ohm’s law. Figure IB 
shows the transformation of the reactor cross-section to an electrical network /17/. 
In cross-section the reactor becomes a system of tubes. The flow in such a tubing 
network can be compared with the flow in an electrical network , where the two 
Kirchhoff's laws are valid. Based on an system of equations, equivalent to the 
Kirchhoffs laws, the hydrodynamic flow through the reactor is simulated for 
several parameter sets motivated by the physical dimensions of the silicon layers 
employed. The calculation was done with the software package Mathematica™. 

6. Microstructuring and processing 
6.1 The complete reactor design 

The reactor has a modular sandwich structure. A bifurcated filling structure and a 
microstructured sieve below and above the reaction layer are used to generate the 
homogeneous perpendicular flow. The filling layer consists of a chamber and two 
opposing bifurcation cascades. One of these layers provides homogeneous supply 
of the reactor with the reactants (dNTPs, rNTPs, primer) and the distribution of the 
templates for the initiation of the reaction, whereas the layer on the top guarantees 
the removal of the reaction products (RNAs, single-stranded and double-stranded 
DNA). 

The microstructured sieves are made by etching narrow channels in <1 10>- silicon 
wafer. When immobilising the enzymes on the surface of the reaction chamber a 
normal 200 pm thick glass wafer can be used as reaction chamber. In the other 
case, when using beads for the immobilisation, the active layer needs channels for 
the input of beads into this layer. 

The multi-layer structure is sealed by bonded glass underneath and on top. The 
scheme of the reactor is shown in figure 2. 
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A) The complete reactor 
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Figure 2: Schematic diagram of the reactor. 

For the microstructuring, 4 inch p-type (100) silicon wafers, 12-20 Ocm 
resistance were used. Two different anisotropically etching solutions were applied 
for structuring. First a KOH/IPA solution (46 g pure KOH, 60 ml H 2 0, 15 ml 
isoprohylalcohol) and a 25% wt. TMAH (Tetramethylammoniumhydroxide, 
Riedel de Haen). Tempax glass (Schott/Germany) was used to seal the silicon 
wafer. 

6.2 Filling layer 

The filling layer consists of a chamber and two opposing bifurcation cascades. 

The size of the chamber is currently 1 cm 2 . On each side of the chamber 128 
channels enter, each 40 pm wide. The length of each channel is 500 pm, the depth 
28 pm. This geometry has been chosen to provide a homogeneous flow profile 
which requires a large length to width ratio. 

The bifurcated filling layer was structured by anisotropic silicon etching of <100>- 
silicon. 

In a first step the chambers were etched through the whole wafer and in further 
step the bifurcated filling channels were utilised. We developed a procedure which 
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makes multiple structuring possible, with different etching depths. The process of 
etching the mask material (silicon dioxide) was modified in such a way that further 
photolithography after the first anisotropic etching is no longer necessary. The 
image of a second photolithography step will be stored in the passivation layer 
/18A 

Thermal silicon dioxide ( 1 pm thickness) was applied as a passivating layer for 
silicon etching in hot alkaline solution. The oxide was structured by buffered HF 
liquid etching. For anisotropic etching of the passage chambers TMAH was used. 
Using TMAH in the first anisotropic etching process guarantees that only 200 nm 
of the silicon dioxide are removed. The bifurcated filling channels were etched in a 
40 % (wt) KOH solution with addition of 15 % IPA. The addition of IP A is 
necessary to decrease the undercutting of convex corners 1191 . The complete 
structure of such filling layer is shown in figure 3. 




Figure 3: SEM-image of the bifurcated filling layer 

6.3 Pressure barrier 

To achieve a pressure barrier, to ensure homogeneous flow rates across the 
reactor, narrow and deep structures through the whole wafer have to be made. 
These structures act also as a sieve to preserve beads for immobilising enzymes in 
the active layer. These microstructured sieves can be achieved by using <110> 
silicon. Narrow channels (30 pm wide or less) 10 mm long were etched through a 
400 pm thick <110> silicon wafer. Thermal silicon dioxide was used as 
passivating layer for wet chemical etching. As etching solution a pure 40 % (wt) 
KOH was chosen. The etch rate of the (111) planes is negligible, this allows the 
required narrow channels to be realised. The distance between two channels 
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should be as small as possible. This is necessary to reach a high transparency of 
this layer for the detection of fluorescent dyes in the active layer. For that reason 
we have chosen a maximum difference between two channels of 50 pm. In figure 4 
a SEM-image of such a sieve structure is shown. The channels are 25 pm wide and 
the difference between to channels is 50 pm. 




Figure 4: SEM-image of a <1 10> sieve 

6.4 Reaction layer 

The vertical dimension of the reaction layer should be in region of 50 - 100 pm to 
make this structure particularly suitable for the detection of two dimensional 
reaction patterns. The thickness of this layer depends on the necessary handling of 
the silicon or glass wafer on the scale of 200 - 400 pm. There are two different 
designs for generating the active layer. When immobilising the enzymes on the 
surface of the reaction chamber a normal 200 pm thick Tempax glass wafer can be 
used to make the reaction chamber. In this first case an unstructured Tempax glass 
wafer (200 pm thick) was anodically bonded between two wafers with sieve 
structures. To create the reaction chamber the glass was etched with concentrated 
HF after bonding. Only the parts of glass between the sieve structures were 
removed. The etching process was supported by ultrasonic treatment. Figure 5 
represents a part of a reaction chamber. The glass between the sieves were 
removed completely. 
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Figure 5: View on the free area between two <1 10> layers 

If beads are used for the immobilisation, the active layer needs channels for the 
input of beads in this layer. Here a design similar to the filling layer is proposed. It 
must be modified in such a way that one side of the bifurcation structure allows the 
lateral filling with enzyme loaded beads and the other side acts as a barrier to hold 
the beads in the reaction layer. This kind of reaction layer have to be realise in 
silicon. The inflow side of this structure has only one filling channel with a width 
of 120 pm, whereas the outflow side which acts as a barrier for 45 pm fluorescent 
beads, has a line of 40 pm wide channels like the bifurcated filling layer. 

For testing the flow behaviour inside a chamber filled with beads, a single filling 
layer closed with a glass wafer (to create a one-dimensional reactor) was filled 
with beads. To avoid obstruction of beads into the filling channel a diluted beads 
solution (10 3 ) was used. 

Figure 6 shows that the beads are kept inside a lD-reactor by the exit sieve. 




Figure 6: Beads held back in a reaction chamber 



241 



Even at a high packing density as shown in figure 6 the lateral flow through the 
chamber is hardly affected by the presence of the beads. It appears even less likely 
that the beads should obstruct the perpendicular two dimensional flow through the 
multi-layer reactor. 

6.5 Bonding of all layers 

By using anodic bonding all layers were connected. Two silicon layers were 
anodically bonded with a 50 pm glass layer. This 50 pm glass layer was generated 
by anodic bonding, of a 200 pm glass wafer to a silicon wafer. After bonding the 
glass was thinned down in pure HF. On the parts of chambers the glass was 
completely removed from two sides until these parts were open. On the remaining 
areas a 50 pm thick glass layer is still retained. This glass layer allows the anodic 
bonding process of two silicon wafers. 

6.6 Connection of the reactor to an external pump 

The filling as well as the outflow layer of the reactor has to be connected to an 
external pump. The supply of the filling layer underneath the reaction layer will be 
carried out from the top glass layer. Connecting passages through all layers above 
the supply layer are necessary. The top glass wafer was drilled with an ultrasonic 
disc cutter to connect the silicon channel from the supply and outflow layer with 
external capillaries. A plastic ledge was glued to the drilled glass wafer to hold the 
plastic capillaries. 

7. Experimental set-up 

The detection of the reaction species in submicromolar concentrations is presently 
based on fluorescence spectroscopy of intercalating dyes. The excitation of the 
intercalating dyes (see Materials) is achieved with an argon-ion-laser (Spectra 
Physics). Although the maximum excitation wavelength of the dye used is 516 nm, 
we use the 488 nm rather than the 514 line of the argon laser for a better 
discrimination of the excitation and emission light (532 nm). Light-sensitive 
imaging of the reaction areas is achieved by a tandem optic (i.e. two objectives 
(Nikon) coupled back to back). A high resolution nitrogen cooled, back 
illuminated 1024 x<$T024 pixel, CCD-camera (Princeton Instruments) with an 
interference filter (Omega, CWL 545 nm, HBW 60 nm) is used to collect the 
fluorescence images. The temperature, one of the most crucial experimental 
parameters is continuously measured and controlled. The flow reactor is driven 
using a syringe pump (World Precision Instruments) with a minimum flow rate of 
approximately 0.3 pl/h. 

8. Tests and preliminary results 

For preliminary flow experiments, the bifurcated filling layer was used to create a 
simple one-dimensional flow reactor. In this case the flow chamber was not etched 
right through, but the depth was varied between 50 pm and 100 pm. The silicon 
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wafer was subsequently anodically bonded to a glass wafer. In order to pump 
fluids into the reactor layer, holes were drilled into the glass wafer as described 
above and the channels into the silicon were connected by using external plastic 
capillaries to an external pump. 

The flow characteristics of this bifurcated filling structure was tested using 1pm 
fluorescent beads. The fluorescent streamlines formed by the beads during a 
prolonged exposure time (2 s) proved to be straight and highly parallel which 
indicated a laminar flow. Measuring the length of the streamlines as a function of 
exposure time at several positions in the reactor chamber allowed the verification 
of a homogeneous velocity distribution within the reactor. 

The complete prototype of the three dimensional reactor, as in Fig. 2 consisting of 
7 layers, has been recently completed. Flow experiments in this reactor will be 
performed shortly. 



9. Outlook 

The completed two dimensional flow reactor described in this work now needs to 
be tested with biochemicals and applied to spatially resolved in vitro evolution. 
While in the prototype version eight copies of the reactor were produced on a 
single seven layer wafer sandwich, following succesful operation it may be 
necessary to increase the area of the individual flow reactors to several 
centimeters. Most important is the test of the ability of the flow reactor to avoid 
lateral contamination by templates. As is well known from stirred flow reactors, 
for amplification processes there is a critical flow rate above which the 
concentration of templates vanishes. For unstirred reactors, the laminar flow 
washes out all products when the flow rate exceeds the propagation rate of the 
travelling concentration waves (moving towards the reactants). In systems where 
binding to stationary sites such as on surfaces occurs, the effective dilution rate of 
template can be considerably decreased leading to an extended range of viability at 
higher flow rates. Within these bounds, optimisation of the amplification rate can 
occur in continuous flow and the spatial dimension allows lateral travelling waves 
to reflect the process of mutation and spread. 

Of particular interest are coupled amplification processes in which the 
amplification rate is not a constant function of concentration. Then hysteresis is 
possible in the context of flow, since the dilution rate may be critical for low 
concentrations but sub-critical for high concentrations of templates. Two coupled 
amplification systems have been recently established in our lab based on the 3 SR 
reaction. One is a molecular predator-prey system which has been shown to 
oscillate under flow conditions by a theoretical anlaysis of the kinetics /20, 21/. 
The other is a cooperatively coupled system of two templates based on the 3SR 
reaction (CATCH) which can also exhibit oscillatory behaviour under nucleotide 
or primer resource limitation 1221. The latter is also suspected to show a more 
sophisticated spatial pattern formation than with the patches of the spatial 
predator-prey system, and to utilise the spatial coordinate for the spatial isolation 
of defective individuals, assisting the optimisation process. Since recombination 
events have now been found in the 3 SR system, we expect further interest in the 
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interaction between space and molecular evolution. Sequencing facilities available 
in our group will aid in the functional interpretation of the course of evolution in 
this controlled but rather natural environment. To our knowledge this is the first 
time that such open experiments of this kind have been attempted and we 
anticipate major progress in our understanding and later utilisation of the role of 
space in evolutionary optimisation. 
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The measurement of biochemical interaction in very small volumes has recently 
become a key issue in biotechnological applications in such fields as the life 
sciences, agriculture, ecology, to name but a few. The cost of biochemical 
substances in macroscopic amounts, not to mention their scarcity, is one of the 
driving forces behind the need to miniaturize of sample preparation, handling and 
analysis. Moreover, recently developed, massively parallel experimental 
approaches, such as combinatorial chemistry or evolutionary strategies, employed 
in the search for active compounds contribute to the need for miniaturization. The 
sheer number of similar samples, often surpassing 100,000 samples per batch, 
prohibits a macroscopic approach. Another field which is presently subject of a 
combinatorial explosion of numbers is genomic science. Here hybridization of 
oligomers for sequencing or comparison purposes is carried out in massively 
parallel approaches. 

Thus, miniaturization reducing sample volumes to the submicroliter scale 
and beyond is highly desirable. To take fully capitalize on the advantages offered 
by miniaturization, it is necessary not only to address sample preparation and 
liquid handling, but also the measurement of biochemical interaction. 

One approach to addressing the measurement of biochemical interactions 
in miniaturized formats is to integrate the sensors into the overall micromechani- 
cal design of the sample cavity or the reaction vessel. In this case, the sensor is 
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produced along with the sample carrier and can thus be fabricated in large 
quantities. No complicated and expensive assembly needs to be performed. 
However, the variety of sensor design is quite limited and only allows for the 
most simplistic carrier architecture. Examples of this sensor type are evanescent 
wave sensors based on waveguides, ISFETs, and conductivity sensors. They all 
can be easily integrated into the surface of the cavity wall. Integrated scanning 
probes, such as the STM or AFM, are not yet state of the art, though STM 
cantilevers are often etched using microfabrication techniques. 

Another way to measure samples in microstructures is to design a 
macroscopic sensor which measures in miniaturized volumes. FCS, fluorescence 
correlation spectroscopy , is one of the most well-known representatives of this 
class of sensor. In FCS, the idea of an integrated sensor is sacrificed in favour of 
high-precision sensor architecture which consists of a complete confocal 
microscope and additional signal processing equipment. FCS not only monitors 
fluorescence intensity, but even concentrations and binding constants. 

Thus, FCS offers many advantages compared to other sensors designed to operate 
in a miniaturized setting: 

• FCS measures far away from the surface . Surface effects, such as non-specific 
adsorption of molecules to walls, concentration effects, ionic exchange, etc., 
do not effect the measurement process itself. The measured parameters, 
therefore, represent the real values for the bulk solution with no need for 
correction . 

• FCS measures in a homogeneous solution. The system's biochemical para- 
meters thus remain unaltered, an occurrence which cannot be completely 
discounted when assay components are immobilized. 

• FCS is intrinsically miniaturized. The actual measurement volume in FCS is 
only about 1 femtoliter; the size of an E. coli cell! Thus, FCS data obtained 
from macroscopic samples does not differ from that obtained from equivalent 
samples measured in microstructures. 
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• FCS offers single-molecule sensitivity. In very low volumes, the absolute 
number of molecules can be quite low at physiological concentrations. Single- 
molecule sensitivity is thus a prerequisite for any measurement technique to be 
used with microstructures. 

• FCS measures interaction specifically. Many other techniques, such as 
conductivity measurements ("microphysiometers") just monitor an overall 
change of a physical parameter. The pH of a cell environment, for example, is 
affected by a large variety of changes in the metabolism of a cell, whatever the 
origin may be. Often this change is not caused by the interaction under inves- 
tigation, but by uncontrolled environmental parameters. A fluorescently- 
labelled tracer substance and its measurement by FCS, on the other hand, is a 
means to specifically measure an interaction at the molecular level. 

The versatility of FCS as a tool for monitoring biochemical activity is presented. 

It will become clear that, using FCS, complete biochemical assays can be per- 
formed in miniaturized formats in very low volumes. These kinds of assays have 
formerly been restricted to the macroscopic world of ELISA and radioactive 
binding assays. FCS opens the door to the measurement of a wide variety of 
labelled probes - from small organic molecules to peptides, proteins, oligo- 
saccharides, RNA and DNA - and analytes from macromolecules up to micelles, 
liposomes and even whole cells. 

The detection and quantification of molecular interactions require the use 
of specific probes in combination with an appropriate detection system. This 
system needs to be fast, sensitive with respect to analyte concentration, but 
unaffected by other assay components or disturbing factors such as impurities of 
the biological material to be assayed or background noise. For almost forty years 
techniques based on radioactivity ruled the assay world as a result of the exquisite 
sensitivity of radionuclide detection which made them superior to, for example, 
colorimetric systems. However, handling radionuclides is problematic with 
respect to safety, licensing requirements, short half-lives and waste disposal. 
Therefore, a great deal of effort has been put into the development of alternative 
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techniques with comparable or even greater sensitivity [Jeffcoate, 1996; Kessler 
1992]. 

One feature which is desirable in future assay techniques is the ability to 
obtain the information from a homogeneous assay system ("mix and read"). For 
example, the need to remove non-bound probe is a major disadvantage of ELIS As 
(Enzyme Linked Immuno Sorbent Assays) and radioligand-binding assays. In 
homogeneous assays, not only can time consuming separation steps be avoided, 
but low affinity binding reactions can also be observed without perturbing 
equilibrium. 

The majority of such homogeneous, non-radioactive assays are based on 
fluorescence. Fluorescence anisotropy, for example, and especially fluorescence 
polarization (FP) are widely used for the analysis of the interaction between small 
molecules and proteins, between peptides and proteins, and proteins and DNA 
[Jameson, 1995; Chekovich, 1995]. While fluorescence anisotropy is applied to 
molecules in solution, the application of fluorescence resonance energy transfer 
(FRET) overcomes the size limitation associated with FP, and can be extended to 
the study of plasma membrane proteins and large structural biomolecules [Selvin, 
1995]. It is a technique for the measurement of distances between molecules with 
near angstrom resolution. A disadvantage of FRET is the requirement of two 
fluorophores with well defined energy transfer characteristics. The method of 
fluorescence photobleaching recovery (FPR/FRAP) is especially useful for 
investigations of membrane protein mobility in artificial or natural biomembranes 
[Cherry, 1979]. The need to measure analyte concentrations without interfering 
with the equilibrium of a given system is a major constraint on the control and 
evaluation of bioreactors. Here, fluorescence detection, such as lifetime-based 
phase modulation fluorimetry, has emerged as an alternative to electrochemical 
sensing of ion concentrations [Bambot, 1995]. 

Fluorescence correlation spectroscopy (FCS) [Elson, 1974 I, II; Magde, 
1972; Eigen, 1994; Rigler, 1995] combines features of all the above fluorescence 
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techniques. Like FP it is a homogeneous assay technique; like FRET it can be 
used to measure differences in specific fluorescence of molecules or complexes. 
Measurements of molecular diffusion in membrane systems are also feasible, a 
process formerly only accessible to FPR/FRAP, but compared to FPR/FRAP 
much lower concentrations of the reporter molecules are required [Berland, 
1995]. In addition, analyte concentrations can be deduced directly from measure- 
ment parameters using FCS without the need for a calibration standard. The 
unique feature of FCS compared to all other assay techniques described above is 
that the detection volume represents only a fraction of the sample volume so that 
signals are recorded from single molecules within the detection volume and not 
from bulk solution or from entire compartment surfaces. 
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Abstract 

Microsensors provide instruments particularly suited for the noninvasive analysis of cell 
and tissue cultures. Their outstanding benefit is the passive behaviour of continuously 
working transducers, which allows the dynamic recording of function-specific cellular 
processes. The microsensor system presented is a modular arrangement of various 
planar and non-planar sensor elements arranged in small cell culture chambers. An optic 
access to the cultures (e.g. for high resolution light microscopy and spectro-photometric 
techniques) enables a parallel and comparative data acquisition. The system was origi- 
nally designed for biomedical research in chemotherapy and pharmacology but it turned 
out to be an effective device for toxicological and environmental research as well. 

1 Introduction 

Besides basic cell biological research the study of cellular functions in vitro is 
fundamental to several fields of application, reaching from clinical diagnostics, therapy 
and pharmacological drug screening to environmental monitoring. 

In the last years, systems have been developed which sensitively analyze physiologic 
parameters of cell populations with electronic or electric sensors [6, 9]. These techniques 
do not require an invasive manipulation of the analyzed cells. Thus dynamic measure- 
ments have become possible under well defined conditions for extended periods of time. 
For example, recovery from drug application can be easily monitored and the signal 
kinetics may provide valuable information about the involved mechanisms of drug 
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action. Because the biological component and the physical transducer are a hybrid unit, 
the system resembles a biosensor setup. Yet with a "cellular biosensor" a substance is 
not being analyzed with respect to its absolute concentration but rather with regard to its 
biofimctional effect. For a differentiated interpretation of experiments, the measurement 
of only one cellular output parameter is usually not satisfactory. If several different 
parameters can continuously be recorded in parallel, however, a kinetic reaction pattern 
characteristic of each cell type and stimulus can be obtained. 

Starting from tumor biological investigations [11] and the theoretical analysis of the 
intracellular signal network by methods of structured biological modelling [8] we 
developed a microsensor-based instrument for cell biological applications. This so- 
called Physio Control Microsystem (PCM) is an arrangement of various sensor elements 
combined with small sized cell culture areas. In addition to sensor-based measurement 
the cultures are accessible to the optics of inverse light microscopes. 

2 The PhysioControl Microsystem: Basic design 

The culture/sensor unit (Fig. 1) is typically mounted on the stage of an inverted 
microscope. One unit contains two identical culture chambers and multiple units can be 
joined together in order to increase efficiency for test routines. For long-term monitoring 
of highly sensitive cells outside the incubator, a precise control of the environment and 
the supply of nutrients and oxygen by a superfusion system will be necessary. The cells 
can be protected from direct contact to the moving fluid by a thin microporous mem- 
brane, thereby allowing non-adherent specimen to be cultivated within the system. 
Usually the cells are grown in small culture dishes (with an area of about 100 mm 2 ), 
which can easily be inserted into the system for the period of measurement. The cultures 
are accessible to high-resolution objectives with small working distances. Thus, the most 
convenient techniques in cell biological light microscopy like phase contrast illumina- 
tion and epifluorescence observation are applicable. 

An electronic interface with modular design provides data acquisition, control of 
sensors, valves and pumps and allows sensor-supported video documentation. Two 
groups of transducer elements must be distinguished: 

1) Discrete sensors for monitoring parameters of the bulk cell culture medium: current- 
ly we use sensors for pH- value and oxygen concentration. 

2) Planar transducers (Fig. 2), as integral components of a culture slide forming the 
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bottom of the culture dish, are in immediate contact with the cells. This proximity is a 
constitutive prerequisite for the signal transduction principle. Thus, sensitivity and time 
resolution can be increased. At present the transducer slide contains InterDigidated 
Electrode Structures (IDES). The combination of cells with Ion Sensitive Field Effect 
Transistors (ISFETs) and planar oxygen sensors has already been accomplished by 
using stand-alone devices. Their inclusion into the planar microscopic slide system is in 
preparation. 



Fig. 1: Photograph of the culture/sensor 
unit. Two identical sensor chips fit into 
the unit and form the bottoms of two cul- 
ture chambers. These chambers are con- 
nected to a single sensor modul on the 
right side, currently equipped with sen- 
sors for pH and oxygen-concentration. 
At the left side there are connections to 
the fluid system with pump, valves and 
(degassing devices). 




Fig. 2: Illustration of the sensor chip. The 
current design of the silicon sensor chip 
contains IDES-structures, ISFETs, oxy- 
gen sensors, temperature sensors and a 
transparent aperture. Because each sen- 
sor element is at least present in pairs a 
chip allows redundant data acquisition of 
each parameter. 




1 cm transparent cell culture 
' ” 1 aperture region 



3 Individual transducer elements 

3.1. Monitoring parameters of the cell culture medium 



Apart from merely controlling adjusted values of pH and oxygen concentration, the 
measurement of these two parameters provides proper indicators of cellular metabolic 
activity: Metabolism is coupled to the secretion of acid waste products like lactate and 
C0 2 and the consumption of oxygen. Measurement of acidification and respiration can 
be used in a complementary way sometimes, but respiration rates are indicating much 
more specifically mitochondrial activity. 
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In the PCM we are using miniature glass electrodes for the monitoring of pH- 
variations in the bulk cell culture medium. This well approved technique offers high 
reliability and sensitivity at comparably low cost. The measurement ,of bulk oxygen 
concentrations is performed by miniature Clark-type oxygen electrodes with small 
electrode current (about 50 pA/mgL' 1 ). To our knowledge this is the first report on 
continuous, sensor-based measurement of oxygen consumption in cell cultures of that 
small size. 

3.2. Adhesion control of adherently growing cells with impedance measurements on 
Interdigitated Electrode Structures (IDES) 

Interdigitated Electrode Structures (IDES) are an integral component of the trans- 
ducer slide which forms the bottom of the culture dish in direct contact to the cells. 

The sensitive area of the IDES is 5* 5mm 2 . The width of the electrodes and the 
distance between the electrodes is 50jnm. The electrode material is palladium on a 
silicon substratum or platinum on a sapphire substratum. Impedance measurements are 
carried out with a Stanford Research System SR715 LCR-Meter at a frequency of 
10kHz. The current is reduced to below IpA. Complex impedance values can be 
specified in several equivalent ways. We have chosen an equivalent circuit with a 
conductance and a capacitance in parallel. The capacitance is used for the description of 
the results. The selected equivalent circuit has nothing in common with any kind of 
modelling of the interface electrode/cell. 

The total impedance of the system depends mainly on the presence of the cells on the 
electrodes. The influence of the bulk solution is reduced due to the small distance 
between the electrodes. At a measurement frequency of 10kHz the cell membranes are 
isolating, thus reducing the possible current flow (low C par - values). The sensor signal is 
due to intact isolating cell membranes at small distance to the electrodes and IDES allow 
on-line and real-time monitoring of concentration, growth and morphological changes 
of adherently growing cells [3]. 

3.3. Measurement of cellular signals with semiconductor devices 

The extracellular recording of cellular signals by semiconductor microsensors is 
mainly associated with ion fluxes across the cell membrane. Ion sensitive field effect 
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transistors (ISFETs) are used to measure ion concentrations. Ion selectivity can be 
achieved by the deposition of a correspondent membrane or material on the gate 
insulator [4]. Modified ISFETs with additional special membranes are applied to 
measure substrate concentrations [10]. The electrical activity of exciteable cells in close 
contact to the gate insulator can be detected e.g. by cell potential FETs (CPFETs) [5]. 

Fabrication technologies for semiconductor microsensors allow to produce arrays of 
sensors with sensitive areas in the dimension of cell size (a few pm 2 ) as well as sensitive 
areas of several 1000pm 2 . The cell-sensor interface can be adapted in a wide range (for 
example by modifying the surface geometry and material) to the requirements of the 
measurements. Large arrays of different semiconductor microsensors (ISFETs, CPFETs, 
temperature-sensors, etc.) for the parallel measurement of cell associated signals can be 
realized by the integration of different silicon sensors together with the signal-processing 
electronics on one so-called “smart sensorchip”. At present we use sensorarrays consi- 
sting of 4 ISFETs with different gate areas (6pm 2 up to 6000pn# ) and gate materials 
(mainly Si0 2 , Si 3 N 4 and A^Q) in combination with two temperature-sensors on each 
sensorchip [1]. The measurement of the extracellular acidification of cells growing on 
such a silicon sensorchip with pH-sensitive ISFETs is shown in Fig. 3. 

The integration of ISFET-arrays together with IDES and planar oxygen sensors on 
one sensorchip with an integrated transparent window is under investigation. 




time [h] 



Fig. 3: Acidification of the cell culture medium, caused by LS 174 T cells growing on 
the sensorchip, measured with ISFETs in a superfusion chamber (the pump rate was 1 .2 
p 1/sec at a pump cycle of 4 min pump on and 10 min pump off). The upper curve shows 
the output signal U GS of an ISFET on a sensorchip without cells positioned before the 
sensorchip with cells (lower curve) in the superfusion system. Beside the slow drift in 
both curves you can see an increase in the acidification rate until the addition of Triton 
X-100 to the medium, which destroys the cell membrane and stops the acidification. 
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4 The physiocontrol microsystem in cell biology and biomedical diagnostics 

One of the most valuable properties of sensor-based test systems for cell biological 
applications is the passive behaviour of continuously working transducers. There is no 
need of any invasive or toxic manipulation of highly sensitive cells which allows 
dynamic processes to be recorded over extended periods of time [6, 9]. 

Figs. 4a and b present results of an experiment concerning different sensor signals after 
application of two cytostatic drugs to a human colon carcinoma cell line (LS 174 T). 
Three sensors were employed. One record shows the IDES-signal, the two others 
correspond to measurements of cellular acidification and respiration rates by pH- and 
oxygen microelectrodes. In Fig. 4b the cells were superfiised with a 0.1 mM chloroace- 
taldehyde solution after 2.5 hours. After 7 hours the cells were killed by a 0.1% Triton 
X-100 solution. 

Chloroacetaldehyde, an alkylating agent, originates in vivo from the cytostatic agent 
ifosfamide which is activated by liver metabolism pathways. Respiration rates obviously 
respond much stronger to this drug than acidification rates. This is well consistent with 
a proposed mechanism of drug action [2, 7]: Alkylation damage of DNA is more 
effectively repaired in the nucleus than in mitochondria, because lack of respiratory 
chain proteins results in a fast decline of cellular oxygen consumption. Ifosfamide, in 
contrast, is not an effective drug in vitro unless activated by liver microsomal prepara- 
tions (Fig. 4a). 

Among the various conceivable applications of such systems the interest of our 
group focusses on their application as a research tool for biomedical studies, particularly 
in modem concepts of tumor therapy [12]. The requirements encountered in this field 
were initiating the development of the PCM. For routine work however, it is necessary 
to limit apparative and labour expenditure and to reduce time duration of the tests. In 
order to save valuable specimen material and drug solutions the culture areas have to be 
sufficiently small. 

Generally, parallel and comparative data acquisition using multiple methods helps 
compiling and interpretating dose-response-diagrams. It supports the identification of 
cellular drug targets and offers an additional element of security against sensor mal- 
function. Moreover, distinct transducers will differ in their particular aptitude to certain 
cell biological problems, thus increasing the system's versatility. 

Apart from cell biological aspects, the setup of the PCM should facilitate the characteri- 
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zation and improvement of transducer functions and transducer arrangements themsel- 
ves. It is particularly useful for the step-by-step creation of the microscopic transducer 
slide with elements, the design of which has to be specifically adapted for their first-time 
combination with living cells. 
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Figs. 4a, b: Combination of pH and oxygen measurements with microelectrodes and 
impedance measurements (C par ). One data point of pH- and oxygen measurement 
corresponds to one flow cycle of the superfusion system. The C par -signals are continous- 
ly recorded. 
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Abstract. Pharmaceutical usage in vitro has a long proving history. Common 
drug response assays do not always correlate with in vivo-like drug resistance and 
sensitivity. In contrast, tree-dimensional tissue cultivation in miniaturized hollow 
fiber bioreactors (mHFBR) do, indicating that drug response is a function of tissue 
architecture l . Establishing a test system in vitro, feasible for theurapeutic drug 
monitoring (TDM), will considerably improve individual patient care, especially 
in leukasmia therapy, e.g. B-CCL, CML. For detecting drug effects, suitable 
sensors have to be found, thereto the sensors have to be so small to enable the 
integration in the HFBR. We emphasize on monitoring interbolism parameter, e.g. 
direct oxygen consumption and the NAD(P)H content, utilizing optical 
microsensors. In the study, we present a successful drug monitoring on a human 
bone marrow long-time (14d) cultivation exposed to a new biopharmaceutical 
drug for clinical usage, GM-CSF in combination with IL-3. 



Keywords, drug testing, TDM, Hollow Fiber Bioreactor, NADH, oxygen, in 
vitro, on-line monitoring, optical, 3D, tissue, human bone marrow 
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1. The Tecnomouse™ - A Miniaturized Hollow Fiber Bioreactor 

The Tecnomouse™ is a cartridge enclosing a mat consisting of silicon. Inside the 
silicon mat, thousand of hollow fibers are embedded. The space inside the silicon 
mat, streaked with hollow fiber is the cell cultivation space, the extracapillary 
space (ECS). 

The hollow fibers are dialyses membranes with a molecular weight cut-off 
(MWCO) of 10 kDa. Through the hollow fibers, the intracapillary space (ICS), 
cell cultivation media is circulating. Nutrients, e.g. glucose, glutamine, pass the 
membrane's pores supplying the cells while simultaneously cellular waste 
products, e.g. lactate, ammonia, is removed ; this effect is known as the Starling- 
Effect. The MWCO of 10 kDa keeps back all the autokrine factors excreted by 
mammalian cells, e.g. growth factors, lymphokines and other cytokines which are 
important in mammalian cellular responding regulation 2 . 

Sufficient oxygen supply has been the problem in mammalian cell cultivation 3 . 
Shear-sensitive cells as mammalian cells in general are cannot be stirred as usual 
in yeast or bacterial fermentation processes. Therefore, oxygen is the growth 
limitation factor in conventional mammalian cell cultivation reaching cell 
densities to 5* 10 6 viable cells per mililiter at maximum. 

Direct oxygenation via silicon membranes achieving high oxygen transfer rates 
enables to reach cell densities ranging from 5*10 8 to 2*10 9 viable cells per 
mililiter. It has been shown, keeping the diffusion distance lower than 400 pm 
corresponding to the in-vivo conditions in man, receive best performance. 

The Tecnomouse™ is integrated in a stand-alone system with constant 
temperature regulation and adjustable media flow rates. Carbondioxide is 
supported via an internal membrane pump. 

The challenging task has been to find suitable microsensors which can easily be 
integrated in the ECS, towards the cells. Taking sterility aspects into 
consideration, the minor signal drift or potential in-line recalibration is 
advanteous. With respect to in vivo-like in means of physiology, pH control is 
essential in high-density tissue cultivation 4 . 



2. Optical Microsensors 

Using optical sensors in mHFBR cell cultivation proves to be advanteous. Glas 
fibers are available in diameters that enables to produce sensors in ultramicro 
standard, they are chemical inert and can resist heated sterility processing. 

For drug monitoring we emphasize on two optical microsensors utilized for 
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figure 1: The Integration of Optical Sensors in the Extra Capillary Space of a 
Miniaturized Hollow Fiber Bioreactor 



oxygen and NAD(P)H content. Both exhibted remarkable properties towards 
long-time determination achieving minor signal drift. 

Especially in mammalian cell cultivation often a complex media is used consisting 
of different serum protein and other additives. Preeliminary experiments have 
shown that protein deposition on sensor membranes significantly interfers with 
registration. 



2.1 NAD(P)H Determination via LASER 

NADH/NADPH and their related oxidation products play a major role in biology 
in general. Both are coenzymes of dehydrogenases, serving for electron transfer. 
Commonly all NAD(P) dependent reactions are reversible. While NADPH 
correlates towards anabolism, the synthesis of biopolymers, NADH is strictly 
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recommended for all respiration processes. Both reduced interbolites exhibit two 
absorption maxima, at 260 nm and at 340 nm, while the oxidated from only 
absorbs at 260 nm. Consequently, the target for detection is NADH and NADPH, 
because at 260 nm strong disturbance of the signal is expected. 

NADPH and NADH are only stabile inside the cells. Excited NAD(P)H fluoresce 
at 450 nm and is consequently correlating with interbolism of viable cells only. 
The usage of a N 2 -LASER is necessary because of recommended sensitivity in 
mammalian cells. Background fluorescence by media components are almost 
excluded by utilizing time resolved detection which can only achieved by a 
LASER, too. 



2.2 Optical Oxygen Sensor 

The principle of optical oxygen measurement using glas fibers is ingenious. A 
photoactive dye is excited to fluoresce at 470 nm. Oxygen deletes the fluorescence 
(Quenching-Effect) dependent on its concentration. After detection at 580 nm 
utilizing the modified Stem-Volmer comparision, the signal can be be correlated 
to oxygen contration after a oxygen free and saturated calibration. The 
fluorescence dye is immobilized in silicon and gives a stable signal (extremly low 
drift) for two to three weeks continous measurements. Similiar to the conventional 
Clark electrode the optical oxygen sensor is very sensitive for temperature 
deviation. Compared to the Clark sensor even signal response time is very slow ; 
but in mammalian cell cultivation, long-time determination at constant 
temperature is common. 

The optical oxygen sensor and detection is combined in the Mikrocontroller- 
gesteuerten Optischen und Portabler Sauerstoffsensor (MOPS). The MOPS 
enables simultaneous measurements via 4 different optical fibers. 



3. Result 

As can be seen from figure 2, few hours after drug addtion the NAD(P)H signal 
exhibits higher interbolism activity. The oxygen signal changed 48 hours later 
indicating high respiratory activity. 

Both signal are good corresponding in monitoring the stimulating effect of GM- 
CSF. Earlier experiments with RIC 60, a plant toxin which inhibits protein 
biosynthesis, exhibited similar results (data not shown). A combination of both 
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Figure 2: Monitoring the Drug Effect via Optical Microsensors 



sensors are essential for signal interpretation. In high density tissue cultivation, pH 
control is essential. After desintegration of the pH-control, the pH deviated 
extremely resulting in total cell death (data not shown). 



4. Conclusion 

The combination of sensitve optical microsensors and miniaturized hollow fiber 
bioreactors, makes the development of a test system in vitro , feasible for 
individual patient therapy and TDM feasible. Especially in the case of leukaemia 
therapy, e.g. B-CCL and CML, we have entitled hope to evolute this system for a 
patient specific chemostacica regimens. For the incoming data mass, establishing 
a computerized data proccessing system for all sensors, seems to be neccessary. 
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5. Experimental Protocol 



5.1 Tecnomouse™ 

Integra Biosciences GmbH , Fernwald (FRG) 

For the experiment the 2-port (ECS) model was used. Available ECS space for 
inoculation is 4.7 ml. Functional integrity can be expected to a double expansion 
by water uptake of erythrocytes. The Tecnomouse™ is conventionally gas 
sterilized, therefore the ECS has to be rinsed twice with 50 ml media before 
inoculation. After washing, media is recirculated in the ICS for 24 h. Cells were 
estimated by CASY (Scharfe System GmbH, Reutlingen) and a total cell volume 
of 4.7 ml was inoculated in the ECS. Inoculation was performed by using two 
syringes integrated in both ECS ports. After inoculation, the cartridge was 
cautious rocked for evenly dispersion of cells. All procedures were carried out in 
clean room conditions type A. 



5.2 Human Bone Marrow Cultivation 

A total volume of 5 ml complete bone marrow was donated by a healthy human with 
0.5 ml heparine in syringe. Inoculation of 2.12*10 9 viable lymphocytes/ml and 5.92 
*10 9 erythrocytes/ml in the Tecnomouse™ was performed only 5 min. after donation 
without additives (no FCS/HS/HSA, etc.). In the left port of the ECS the NADH-sensor 
was integrated while an optical oxygen sensor was integrated through the right ECS 
port, both positioned in the middle of the ECS. After 24h adaption at 5% C0 2 and 
37°C, IF-media supply (+ mercaptoethanol-2 10" 4 M + hydrocortison 10" 6 M) was 
performed at 40 ml/h and sensor determination started. ForA pH control (pH 7.4-7.7) 
was performed by C0 2 variation and media flow rate using a pH-microelectrodes in the 
ICS after passing the ECS. After 7 days cultivation adapted GM-CSF in combination 
with IL-3 (1ml cytokin cocktail in IF-media + 20% FCS + lOmg HSA + 5U IL- 3 + 
25U GM-CSF in 5 ml ECS) was added. 



5.3 NADH-LASER 

Innovative Optische Mefitechnik GmbH \ Berlin (FRG) 

The NADH-LASER operates with a pulse power of 350 kW and a pulse time of 
330 ps. Excitation is performed via a single quartz fiber at X=337 nm, while the 
fluorescence is detected at X=337 nm. Detection is time resolved. After warming- 
up the LASER for 30 min., the NADH sensor is calibrated with thioflavin S (1 
mg/L) at medium sensitvity. The sensor is 800 pm in diameter. After calibration, 
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the sensor is sterilzed with several desinfective solutions (IN NaOH, Lysoformin) 
and stored for 6 h in EtOH (70%). NADH determination is on-line, controlled by 
a user defined PC interface. To minimize standard deviation, a single signal is 
performed from 999 signals meaning ca. 5 min. continous LASER beam 
measurement. The LASER was switched-off manually twice a day. While the 
whole experiment the position of the NADH sensor inside the ECS was not 
changed. 



5.4 MOPS 

Prof. T Scheper, Institute for Technical Chemistry, University of Hanover (FRG) 

The Microcontrolled Optical and Portable Oxygen Sensor is operating at X=331 
nm utilizing a blue light diode. At the top of the glas fiber, a fluorescence dye 
(Tris(4, 7-diphenyl- 1 , 1 0-phenanthrolin-)-ruthenium(II)-chlorid , Sigma) is 
immobilized in transparent silicon. The head of the sensor is coated with black 
silicon to exclude external light, while the glasfiber is cladded. The MOPS has an 
own oparating interface, which allows user definitions by pressing buttons. The 
MOPS can be integrated in an external data reading process be utilizing a RS232 
interface. After isothermous calibration with media, saturated in an incubator at 
37°C and 5% C0 2 atmosphere, the sensor is calibrated with a oxygen eliminating 
solution. This solution consists of 800 mg ascorbin acid and 400 mg NaOH in 100 
ml H 2 0. After calibration, the sensors are stored in 70% EtOH for several hours. 
The optode is integrated in the ECS throuigh the right port and the position was 
not changed during the experiment. 
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A Microreactor with On-line Mass Spectrometry 
for the Investigation of Biological Kinetics 
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Abstract. A thermostated, stirred reactor of 14 mL volume with integrated pH- 
probe and control, mass spectrometer membrane probe and dosimeters was con- 
structed. It allowed the measurement of gas exchange rates in anaerobic and 
aerobic systems together with the acid consumption or production rates. The 
accumulation of gases can be measured very sensitively, allowing short term 
measurements. This is particularly interesting for slowly growing organisms. 
Because of the small volume, studies with isotopes (e.g., 13 C, 2 H) become 
affordable. Kinetic experiments can be batch, continuous or fed-batch with 
stepwise or continuous feeding. Acetate and formate kinetics in mixed cultures 
were studied and kinetic models could be developed. In cultures of mammalian 
cells producing monoclonal antibodies, oxygen uptake and C0 2 production rates 
were measured. 

Keywords. membrane mass spectrometer, kinetic measurements, anaerobic 
biofilm, lactate, acetate, formate, hybridoma, oxygen, carbon dioxide, isotopically 
labelled substrate 

Introduction 

Membrane interfaces connected to mass spectrometers allow dynamic measurement 
of small changes in concentrations of dissolved gases oxygen, hydrogen, carbon 
dioxide and methane, including all possible isotopically labelled species l3 C, 2 H, 
18 0 (e.g., Degn et al., 1985; Heinzle, 1987 and 1992). This allows fast kinetic 
measurements and metabolic studies. Together with published data and other 
measurements, it provides a useful aid in developing kinetic models. These 
models could then help to better understand dynamic phenomena observed in 
biological processes. 

Dynamic Measurements for Kinetic Analysis. The measurement of the 
kinetics of biological processes is usually very cumbersome and time consuming. 
In most cases the dynamics of batch cultivations are investigated after low 
frequency discrete sampling and analysis. Fed-batch experiments with optimal feed 
profiles are expected to improve parameter estimation (Munack, 1989). 

Gas reaction rates provide valuable information since they are stoichiometrically 
linked to biological activity and since they can be measured at low conversion. 
Membrane mass spectrometry was already used to analyse dissolved gases dy- 
namically (Scott et al., 1983; Benstead et al., 1993; Domseiffer et al., 1995). 
Special problems were always found with carbon dioxide because of pH influence. 
In this work the application of membrane mass spectrometry has been extended by 
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B3 



Anaerobic Degradation 
Kinetics. Anaerobic reac- 
tions have been reviewed 
extensively (e.g., Erickson 
and Fung, 1988; Zehnder, 
1988). The anaerobic degra- 
dation of organic matter is 
commonly seen as a network 
of reactions, namely hydroly- 
sis, acidogenesis (formation 
of organic acids), acetogenesis 
(degradation of higher organic 
acids to acetic acids) and 
methanogenesis. Important 
intermediate products during 
acidogenesis are: pyruvate, 
lactate, butyrate, propionate, 
acetate and formate. The next 
main step is acetogenesis, the 
formation of acetate from 
propionate and butyrate. In 
many of the above reactions 
hydrogen and C0 2 are by- 
products. The final methano- 
genic step involves the cleav- 
age of acetate into methane 
and carbon dioxide and the 
synthesis of methane from C0 2 and hydrogen. Modelling of the complex 
interactions in the microbial consortia is difficult and was subject of many studies 
and various review articles (e.g., Erickson and Fung, 1988; Heinzle et al., 1992). 
Mammalian Oxygen Uptake Rate (OUR) and Carbon Dioxide Production 
Rate (CPR). Mammalian cells grow very slowly, and they are sensitive to shear. 
It is therefore usually very difficult to determine their respiration activity. OUR 
measurement by gas phase balancing is only possible under special circumstances. 
CPR measurement by gas phase balance is even more difficult because of the 
interference of accumulation of bicarbonate (Eyer et al., 1995; Bonarius et al., 
1995). 



Fig. 1. Stirred reactor (14 mL). Al-thermostating, 
A2-aeration and draining, Bl-pH-electrode, B2-MS- 
membrane probe, B3-dosing connection, Cl -gas 
disengagement section, C2-vertically movable stirrer 
shaft, C3-pitched blade stirrer, C4-evacuation for gas 
removal. 



using a new measurement cell 
with pH control which allows 
dynamic measurements 
including carbon dioxide. 



Materials and Methods 

Mass Spectrometer Membrane Probe. A non-porous Teflon membrane (12 
|Lim, Marubishi, Japan) or silicone rubber (75 pm each glued together, Ingold, 
Urdorf, Switzerland) was mounted on a stainless steel support. A heated stainless 
steel tube connected the membrane probe with the gas tight electron impact ion 
source of the MS. The quadrupole system (QMS 420, Balzers, FL) was equipped 
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with a turbo molecular pump, electron multiplier and gas tight electron impact 
ion source (electron ionising energy - 70 V). Dissolved gases diffuse through the 
membrane to the MS. The pressure behind the membrane was about 10" 4 to 10' 3 
mbar, that in quadrupole filter was about 10' 7 to 10’ 6 mbar. 

Membrane Probe Measurement Cell. The stirred measurement cell of 14.4 mL 
was made of Plexiglas (Fig. 1) with inner diameter of 25 mm. To the pitched 
blade impeller of 17 mm diameter a draft tube with a height of 7.45 mm was 
connected (C3). The stirrer covered half the cross sectional area. The draft tube cf 
the 6-bladed impeller served as a flow guide. Together with the toroidally shaped 
bottom, it allowed a low shear rate suspension of particles. The stirrer operated at 
half the liquid height. The removal of gas bubbles was enhanced by the conical 
top part and by the possibility of evacuation of the whole chamber. TTie bottom cf 
the reactor (Al) was made of stainless steel and allowed temperature control at 37 
°C by circulation of thermostated water. A thermocouple for temperature 
measurement, a pH probe (Ingold - Bl) and a mass spectrometer (MS) membrane 
probe (B2) made of stainless steel were all sealed with viton O-rings. Samples 
were taken via a silicone rubber membrane (Hewlett-Packard). Stirring rate was 
controlled at constant speed. 

Data Acquisition and Control. The MS was connected to a PC, which com- 
municated with the MS via a serial interface; it controlled pH and acquired all 
data. pH control used a discrete Pi-controller in the position form with variable 
sampling interval. The controller manipulated the feeding rate of alkali or acid 
(each 0.1 M) using a piston pump (Dosimat, Metrom, Switzerland). Substrate 
was also fed by Dosimat. Further details are given by Meyer (1994). 

Calibration. The MS background signal was determined after sparging the 
buffer solution with helium. Calibration for gases was made by saturating a buffer 
solution with a calibration gas. Here, the number of measured m/z values, n, was 
equal or larger than the number of components, m. The measured ion currents, L, 
consist of the corresponding background ion current, B ; , and the sum of all m/z 
fragment ion currents depending on the concentrations, C., multiplied with their 
sensitivity coefficients, S- gives a matrix I 



I = B + C • S 


(i) 


During calibration the sensitivity matrix was determined by 




S = (C T • C) 1 • C T • (I - B) 


(2) 


Concentrations were estimated by 




C = (I - B)-S t -(S-SV 


(3) 


Sample Preparation and Kinetic Measurements. Samples 


were withdrawn 



from the anaerobic fluidised bed reactor fed with whey (Meyer, 1994). The biofilm 
of 50 |nm was strongly attached to sand particles of 250 Jim diameter. During 
sample introduction the stirrer was elevated to enlarge the gap. Then the reactor 
was rinsed with helium to remove oxygen. Samples containing hybridoma cells 
were taken from T-flasks, centrifuged and suspended in fresh nutrient/buffer solu- 
tion. The measurement cell was carefully cleaned without complete sterilisation. 
After loading with sample the reactor was sparged with air. Bubbles were allowed 
to leave the system, and the stirrer was moved back into its operating position. 
pH-control was started. Then either a single pulse (Method Ae and An) or a series 
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of pulses of substrate (Method B) were added, or substrate was fed continuously 
(Method C). The gas concentrations were measured continuously. After obser- 
vation of a slow, steady increase in methane concentration which was attributed to 
endogenous metabolism, substrate feeding and pH-control were started. The 
substrate pH was adjusted to the value of the buffer in the measurement cell. 
Further experimental details are given by Meyer (1994) and Oezemre (1997). 

Data Evaluation. The measured data (ion currents, temperature, pH and amount 
of alkali or acid added) were evaluated using MATLAB (The Mathworks) and 
SIMUSOLV (Dow Chemical Company). 



Methods for Kinetic Analysis. 

Concepts for Kinetic Measurements. Three methods were applied. One was a 
classical batch method, where dynamics of dissolved gases were followed after 
setting the initial conditions (Method An - anaerobic; Ae - aerobic). In a second 
type of experiments the substrate was added as pulses and resulted in a stepwise 
increase of the substrate concentration (Method B). Dissolved gases were measured 
long enough to allow determination of the slopes. The results of such measure- 
ments are several distinct rates at corresponding concentrations, similar to a series 
of classical batch experiments. In a third type of experiment, the substrate was fed 
continuously (Method C). In these experiments a whole kinetic curve was ob- 
tained in one single short term dynamic continuous experiment. 

Mass Balances and Rate Estimations in Dynamic Measurements. Because 
of substrate feeding as well as pH control, the measurement cell was a dynami- 
cally operated continuous reactor of constant volume. Additionally, the MS 
membrane probe pumped away a small fraction of the dissolved gasses. Balances 
for substrate, carbon dioxide and other less soluble gases as well as for ions 
added for pH control are 

^ = ^(CsF-C s )-^C s + q s C x (4) 



for oxygen, hydrogen and methane 



dC G 

dt 



f 



-Cq 



v 



A 

v L 




+ % c x 



for total carbonate 



dCc 

dt 



tot 




A 

V L 




— ^ms c Cc +c lc ( -'x 



( 5 ) 



( 6 ) 



Symbols are given in the Notation. Total carbonate, Cc , was calculated using 
the dissociation constant 

K d C c 

C = — S — C r _C +C r 

HCOJ n + c tot= HCOJ c 



( 7 ) 
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At pH<8, CO3 is always less than 0.5% of HCCV and can therefore be neglected. 
In the three eqs. (8) to (10), there were finally three unknowns, the reaction rates 
C x , which were calculated using MATLAB based on the measurements cf 
dissolved oxygen, hydrogen, carbon dioxide and/or methane. Differential quotients 
were calculated using cubic splines. This allowed plotting rates versus concen- 
tration. After establishing kinetic expressions for the rates, the parameters of the 
equations were estimated numerically. Simulation of continuous feeding experi- 
ments required an additional mass balance for sodium ions. 

VlL = C Na,pH F pH “ c Na( F S + f ph) (8) 

C Na is the concentration of sodium ions in the reactor, C NapH that in the alkali feed 
solution used for pH control. Further details are given by Domseiffer et al. (1995). 



Experimental Results 

Anaerobic Batch Experiment with a Single Pulse of Lactose (Method An). 
After initial measurement of endogenous metabolism of the biomass attached to 
sand particles, a pulse of lactose was added to give a final concentration of 1 1 C- 
mol m' 3 . Immediately after injection, the methane and carbon dioxide signals 
increased linearly throughout the whole experiment (Fig. 2). The total carbonate 
increase was almost exactly the same as the methane increase. Hydrogen 
concentration increased slowly from 0.15 to 0.25 mol m' 3 (not shown in Fig. 2). 
The expected stoichiometric ratio CH 4 /C0 2 for complete degradation of lactose is 
1 .0 according to 

C 12 H 22°11 + H 2 0 — > 

6 CH 4 + 6 C0 2 (9) 



The measured values indicated a 
complete conversion without 
significant accumulation of higher 
organic acids. The latter would 
decrease the CH 4 /C0 2 ratio. The 
titration, however, used more 
alkali than would be needed to 
compensate for the produced 
bicarbonate, as shown in Fig. 2. 
This discrepancy can, however, 
be explained by the formation cf 
acetic or lactic acid, which both 
have the same degree of reduction 
as lactose and do, therefore, not 
change the ratio of the produced 
methane and carbon dioxide. The 
concentration of additional acid 
formed was calculated and is also 
given in Fig. 2. If acetic acid was 
accumulated, an increasing rate of 
formation of methane and carbon 




0 20 40 60 80 

Time [min] 

Fig. 2. Batch degradation of lactose 
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dioxide would have been 
observed during the experiment. 
Therefore, it was assumed that 
only lactate was accumulated. In 
this short period about 7% of 
the initially added lactose was 
converted to lactate and only 
about 0.3% was converted to 
methane according to eq. (9). 

Fed Batch Experiment with 
Stepwise Concentration 

Increase (Method B). Fig. 3 
shows investigation of anaerobic 
acetic acid kinetics using 
stepwise addition of acetic acid 
~ 6 20 w 40 60 80 100 120 solution, the pH of which was 

Time [min] adjusted by titration to exactly 

Fig. 3. Anaerobic experiment with stepwise the same value as the reactor 
increase of acetic acid concentration. pH - 7. Cm - content. It is obvious that the 
methane concentration, Ca c - total acetic acid slope of the methane curve 
concentration, q M - specific methane production increased after the initial injec- 
rate [mol (g dryweight) 1 min l ]. tions. From these experimental 

data a concentration / rate curve 
showing Michaelis/Menten type kinetics was obtained. Carbon dioxide formation 
and acid consumption rate could not be quantified because of the small 
conversion. Therefore, complete mass balances could not be obtained. 
Experiments were carried out at various pH- values and a kinetic model taking into 
account pH and concentration influences was established (Meyer and Heinzle, 
1997). 

Continuous Feeding Experiments (Method C). In the experiment depicted in 
Fig. 4 formate was added continuously to an anaerobic biofilm sample. In a first 
phase hydrogen was accumulated and later consumed. In this experiment C0 2 was 
initially rate limiting for methane production. Various kinetic models could be 

Hybridoma Respiration with 
Labelled Glucose (Method 
Ae). Hybridoma cells were 
grown in HEPES buffer with 
l- 13 C-glucose and glutamine as 
major carbon and energy 
sources. OUR, CPR and 
CPR45 decreased with decreas- 
ing dissolved oxygen con- 
centration. This agrees with 
expected behaviour. Interesting 
is the increase of CPR45 
Fig. 4. Anaerobic experiment with continuous during oxygen depletion, 
feeding of formate. pH - 7. 12 - hydrogen ion When oxygen is depleted 
current, 115 - methane ion current, 144 - C0 2 ion NADH cannot be oxidised 
current. further via respiration. It may, 
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Time (min) 

Fig. 5. Hybridoma culture with l- 13 C-glucose in HEPES buffer. DO - 
dissolved oxygen concentration, CPR45 - 13 C labelled CPR 



however, reduce pyruvate yielding lactate. The production of 13 C0 2 can only be 
explained by an increased metabolic flux through the pentose phosphate pathway. 
In an early step carbon 1 is removed as C0 2 from 6-phospho-gluconate by the 6- 
dehydrogenase. From glycolysis there would be no release of 
be a production of lactate but not primarily via the glycolytic 

pathway. 



phosphogluconate 
l3 CCb. There mav 



Concluding Remarks 

In this work, improved dynamic methods for the investigation of anaerobic and 
aerobic kinetics are described. Rate measurements with low conversion allow 
acceleration of kinetic investigations. Various experiments with acetic acid as 
substrate indicated that the acid form was kinetically determining (Meyer et al., 
1997). Method C with continuous feeding of substrate is most flexible and fast. It 
allows the estimation of carbon dioxide production and alkali consumption at 
varying substrate concentration. It would also be possible to adjust the feed rates 
in an optimal way to get the most useful information in the shortest time 
(Munack, 1989). This method was used for the investigation of anaerobic formate 
and acetate kinetics (Domseiffer et al., 1995; Meyer and Heinzle, 1997). Feeding 
of 13 C-labelled glucose and monitoring of 12 C0 2 and 13 C0 2 provides an excellent 
tool for metabolic flux monitoring. 



References 

Bonarius, H.P.J., de Gooijer, C.D., Tramper, J., Schmid, G.: Determination of the 
respiration quotient in mammalian cell culture in bicarbonate buffered media. 
Biotechnol. Bioeng. 45, 524-535 (1995). 

Degn, H., Cox, R.P., Lloyd, D.: Continuous measurement of dissolved gases in 
biochemical systems with the quadrupole mass spectrometer. Methods Biochem. 
Anal. 31, 165-194 (1985). 

Domseiffer, P., Meyer, B., Heinzle, E.: Modelling of anaerobic formate kinetics in 
mixed biofilm culture using dynamic membrane mass spectrometric measurement. 
Biotechnol. Bioeng. 45, 219-228 (1995). 

Erickson, L.E., Fung, D.Y.-C.: Handbook on anaerobic fermentations. New York: 
Dekker 1988. 




274 



Eyer, K., Oeggerli, A., Heinzle, E.: On-line gas analysis in animal cell cultivation: 
II. Methods of oxygen uptake rate estimation and its application to controlled feeding 
of glutamine. Biotechnol. Bioeng. 45, 54-62 (1995). 

Heinzle, E.: Mass spectrometry for on-line monitoring of biotechnological processes. 
Adv. Biochem. Eng. 35,: 2-45 (1987). 

Heinzle, E.: Present and potential applications of mass spectrometry for bioprocess 
research and control. J. Biotechnol. 25, 81-1 14 (1992). 

Meyer, B.: Dynamische massenspektrometrische Gelostgasmessung und ihr Einsatz 
bei der Modellbildung anaerober Abbauprozesse. Diss. ETH, Nr. 10716, Zurich 1994. 
Meyer, B., Heinzle, E.: Dynamic Determination of Anaerobic Acetate Kinetics Using 
Membrane Mass Spectrometry. Biotechnol. Bioeng. in press. 

Munack, A.: Optimal strategy for identification of monod-type models by fed-batch 
experiments. In: Fish, N.M., Fox, R.I. and Thornhill, N.F. (eds.), Computer 
applications in fermentation technology: Modelling and control of biotechnical 
processes, Elsevier, Barking, Essex, U.K. 1989, pp. 195-204. 

Oezemre, A.: Mass spectrometric analysis of metabolic activities of hybridoma cells. 
Diss. ETH, Zurich, in preparation. 

Scott, R. I., Williams, T. N., Witmore, T. N., Lloyd, D.: Direct measurement of 
methanogenesis in anaerobic digestors by membrane inlet mass spectrometry. Eur. J. 
Appl. Microbiol. Biotechnol. 18, 236-241 (1983). 

Zehnder, A.J.B.: Biology of Anaerobic Microorganisms. New York: Wiley 1988. 



Notation: 

B Background ion current inten- 
sity 

C Concentration (kg m" 3 ) 

C Concentration matrix 
CPR Carbon dioxide production 
rate (mol L' 1 min' 1 ) 

F Flow rate (m 3 s' 1 ) 

I Intensity matrix 

I Ion current (A) 

Dissociation constant 

(mol m' 3 ) 

Kj Inhibition constant (mol m‘ 3 ) 
k MS MS gas loss rate constant 
(s' 1 ) 

Kg Monod saturation constant 
(mol m' 3 ) 

OUR oxygen uptake rate (mol L" 1 
min' 1 ) 

q Specific rate (mol kg" 1 s' 1 ) 

r Reaction rate (mol m" 3 s' 1 ) 

S Sensitivity matrix 

t Time (s) 

V Volume (m 3 ) 



Subscripts and Superscripts: 
Ac total acetate 

C carbon dioxide 

G gas 

H hydrogen 

HAc acetic acid 

I inhibition 

L liquid phase 

m maximal 

M methane 

MS mass spectrometer 

O oxygen 

pH solution to control pH 

S substrate 

SF substrate feed 

tot total 

X biomass 




Microarray Based Ligand Binding System 



Udo Eichenlaub, Hans Berger, Peter Finckh, Hans Karl, Boehringer Mannheim 
GmbH,Tutzing, Germany 

Roger Ekins, University College London Medical School, London, UK 



Based on Roger Ekins' "Ambient Analyte Conditions" theory, a system has been 
developed that facilitates the simultaneous determination of tens of analytes on a 
miniaturized chip. 

Microspots the diameter of a human hair are being deposited on a polystyrene 
carrier by a production line at a speed of 5,000 chips per hour. Coating and 
various QC functions are being done completely automatically. Digital processing 
of the post image feeds back into the spot application devices to allow for high- 
precision printing. 

A prototype of an automatic instrument has been developed. Reaction conditions 
are highly variable. Instrument design is modular, liquid handling is conventional, 
incubators and washers have been developed to meet the requirements of small 
volumes. A detection system is being employed with a sensitivity down to 1 label. 
Cycle time to locate the spots is 6 seconds, a second cycle of 6 seconds is required 
for reading. 

Assay formats that have been developed include sandwich formats, back 
titration for low molecular analytes, bridge format for the determination of 
antibodies as well as universal conjugate approaches. Application of ligand 
binding reagents of the spots can be done directly or in concepts employing the 
Streptavidin-Biotin system. Results for TSH, Infectious Diseases, Allergy and for 
analysis of DNA will be presented. 
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Introduction 

Miniaturization of chemical reaction chambers, along with the 
integration with low-cost detection components for real-time product 
quantification allows for significant improvements in 
instrumentation. Bulk chemical reactions can benefit from increased 
control at the microscopic level, according to the general volumetric 
reaction formula: 



Q = 1/ujqrdU 



where, Q is the volumetric reaction rate (moles/time • volume), U is 
the volume, and qris the “point” reaction rate at a “microscopic” 
volume unit. This equation is only valid if everything is uniform at a 
microscopic scale, that is, the reaction is working equally at all points. 
This uniformity is difficult to maintain, especially in reactions that 
have: 1) multiple co-reactants, 2) narrow and uniform condition (i.e., 
(temperature and pH) requirements, 3) macromolecular biological 
components, such as enzymes, and 4) diffusion limiting conditions. 
Typically, bulk bioreactors require significant effort to maintain such 
uniformity and often are difficult to scale up as a result. Arrays of 
miniaturized reactors with individual control can replace the less 
effective bulk systems, provide better uniformity, and therefore 
increase productivity. 

In bioreactions that are thermally driven (such as the 
polymerase chain reaction (PCR) [1-3] to make DNA) the use of silicon 
and thin film heaters as a reaction chamber allows for the application 
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of micromachining technology (integrated circuit manufacturing 
processes) for highly parallel fabrication [4-7]. 

Heat flux (q) depends on several important parameters as 
shown in the equation below: 



q = ka A (Tl - T2) 
La 



where ka is the intrinsic thermal diffusion constant of the material, A 
is the cross sectional area perpendicular to the flux, Tl - T2 is the 
temperature difference between the two positions, and La is the 
diffusion distance or thickness. By having high thermal conductivity 
materials such silicon (high ka) and very thin heaters (small La ) , 
extremely fast thermal response times with low power can be 
achieved. Other groups have performed PCR in micromachined 
silicon devices, but they have not integrated even the simplest 
components such as heaters [8-9], or real-time detection [10]. 

The ability to perform detection on reaction products in a real- 
time fashion has significant added value, since the status of the 
reaction and it's efficiency can be determined. Obtaining information 
the productivity of the reaction in real-time also allows the user to 
stop the reaction when it is completed or has produced enough 
product for analysis. In the case of PCR, the ability to perform real- 
time, product-specific analysis potentially eliminates the post- 
amplification electrophoretic analysis step. This makes the detection 
of DNA much faster and in a single assay step, providing results in 
minutes versus hours. 

In this report, we describe a Miniature Analytical Thermal 
Cycler Instrument (MATCI) based on a micromachined silicon 
reaction chamber that has been used in the amplification and real- 
time detection of a variety of DNA and RNA from viruses, bacteria, 
human genes, and plant samples. 



Materials and Methods 

Fabrication of reaction chamber 

The reaction chambers as shown in Figure 1 are fabricated in three- 
inch round, 40 mil-thick double-polished 100 silicon wafers. After 
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RCA cleaning and low-pressure chemical vapor deposition (LPCVD) of 
low stress (200-300 Mpa) silicon nitride (1.0 - 2.0 pm thick), the 
nitride was photolihographically patterned and reactive ion etched 
(RIE) through to the silicon (defining the chamber surface area). The 
photoresist was then removed, and the bulk substrate silicon was 
etched to a depth of 850 pm with KOH to form the chambers, and a 
repeat RCA clean was performed. LPCVD polysilicon (3000 A thick) 
was then high temperature doped with boron to a sheet resistance of 
400 ohms/square. The polysilicon was photolithographically 
patterned, etched, and the photoresist was again removed. 
Photolithographic definition of the heater contacts was performed 
with subsequent E-beam deposition of 2500A of gold (5 A/see) on 
top of titanium (2 A/sec); after lift-off of the undesired metal, the 
wafer was sawed into individual reaction chamber halves. The 
complete chambers were formed by bonding two resistivity-matched 
halves together with polyimide (Epo-Tek 600, Epoxy Technology) 
followed by over 8 hours of curing at room temperature. A 30 AWG 
teflon insulated thermocouple (type K Omega, Stamford, CT) was 
glued with thermal conducting epoxy (Tra-bond BB2151, Tra-Con, 
Medford, MA) to the outside wall of the reaction chambers to 
monitor bulk silicon temperatures. 

Each wafer potentially contains many reaction chambers, 
depending upon geometry and volume desired. The etched 
depression in each wafer constitutes one-half of a dual-heater 
reaction chamber. Processed reaction chamber halves were diced 
into individual devices and subsequently bound together using low- 
temperature curing polyimide; forming an enclosed chamber with 
heaters and S x Ny windows on both sides. Sizes and openings were 
further defined by precise silicon sawing of either end of each 
bonded chamber. The experiments presented here were run in 
chambers that were 1.3 cm (h) x 2 mm (t) x 5 mm (w). Internal 
chamber hexagonal cross section (heater-to-heater) was 1.75 mm. 

For detection experiments, a 1 x 3 mm silicon nitride window, 
centered on both sides, was photolithographically patterned and 
defined by additional KOH etching completely to the silicon nitride 
layer. For detection experiments with liners, the silicon nitride 
window was simply removed. Non-detection experiments used 
reaction chambers without windows. 
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Slot for reaction fluid 




Figure 1. Schematic illustration of the silicon reaction chamber 
including the use of polymer disposable inserts and optical detection 
windows for real-time fluorescence monitoring. 



Disposable Chamber Inserts 

Extrusion-molded, medical grade, thin-walled polypropylene reaction 
chamber liners (inserts) were fabricated at the LLNL plastic 
manufacturing facility. These inserts are 2 cm long with an internal 
diameter of 1.0 mm and 1.7 mm outside diameter that tapers down 
to 1.5 mm. The top expanded to a 4.0 mm diameter cup-shaped top. 
The reaction volume was typically 20 |iL. Reaction chambers were 
simply rinsed with DI water between experiments if necessary. 

The silicon chambers without inserts have been shown to be 
reusable with cleaning, however overall reaction reproducibility is 
less than with the inserts. Thermal cycling with a mixture of 0.5 N 
HC1, 0.1 N NaCl, and al0% mixture of commercial bleach for a few 
cycles was adequate to clean the bare chambers. Thorough rinsing 
with distilled water was also performed between bleach treatments. 
The cleaned and dried chambers were given a final treatment with 
10% dichloro, dimethyl silane in chloroform when reactions were 
performed without liners. 
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Optical Detection 

The optical detection apparatus consisted of low-cost, solid-state 
components. The excitation source was a "Superbrite" blue light 
emitting diode (LED) (Ledtronics, Inc.) with it's emission centered at 
450 nm, +/- 30 nm at half max. The power input was 4 VDC, 80 mA. 
Both photodiodes and CCD imagers were used to collect the 
fluorescence emission. Photodiode used was a low-light-level 
detector (Centronic, p/n OSD35-LR-A). In the case ethidium bromide 
fluorescence detection, the excitation wavelength filter was a 520 nm 
short pass and the detection filter was a 597 nm long pass. Taqman 
detection filters were bandpass and centered at 540 +/- 40 nm and 
580 +/- 40 nm, for the fluorescein and rhodamine labels, 
respectively. A 480 +/- 40 nm short pass filter was used as the 
excitation filter. The Taqman optical set up can also read the 
ethidium bromide fluorescence in the channel with the 580 nm filter. 
A 0.5 inch dia. collimating lens was used to focus the LED light into 
the top of the reaction chamber. Either plastic molded caps or 
mineral oil layer (detection experiments) over the PCR reaction fluid 
prevented evaporation during thermal cycling. 



Software and control electronics 



The system to control temperature within the chamber and for 
thermal cycling uses Pulse Width Modulation (PWM) heating. This 
functions in the following way: a temperature setpoint is set by the 
external computer. This turns the PWM "Full On" and the PCR 
reaction chamber starts to heat. A thermocouple is bonded to the 
reaction chamber. As the temperature of the reaction chamber 
reaches the setpoint, the PWM starts to control, and the setpoint 
temperature is maintained to an accuracy of +/- 0.5°C. The 
temperature is sent to the external computer "real time", and a graph 
is updated to display temperature. After the setpoint is set to cool 
the reaction chamber, the PWM then turns off, and the reaction 
chamber starts to cool. At this time, the fan circuit turns and draws 
air across the exposed chamber surfaces. The PWM will start to 
control again as the temperature reaches the new setpoint. Average 
operating power was 1.2 W/chamber. Reaction (20 pL) heating 
rates of 15-20 °C /sec with polypropylene liners were achieved. At 
15 VDC input voltage, 3-6°C /sec heating rates were typical. Cooling 
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rates ranged from 4-8 °C/sec. An automated 1.5 VDC, 1.5 inch 
diameter, IC cooling fan was used to augment the cooling. The fast 
heating rates (20 °C/sec) were achieved by increasing the input 
voltage to 30 VDC. 

The computer input/output was a Macintosh Quadra 650 using 
IGOR Software (Wavemetrics Inc., Lake Oswego, Or.). The software 
performed all the instrument timing functions and data collection. An 
interface board (Model MIO-16, National Instruments, Austin) was 
used as the I/O interface. 

Each reaction chamber was initially calibrated prior to use by 
correlating reaction fluid temperatures with thermocouple reading, 
and the power and software were adjusted to compensate for inter- 
chamber differences. 



PCR chemistries 



A variety of PCR chemistries have been performed in the MATCI. 

The results presented here are from two commercially available 
systems. The first one, amplification of the 268 base-pair beta globin 
on human genomic DNA target is available from Roche Molecular 
Systems (Alameda, CA). Ethidium bromide was added to the 
reactions at 0.2 jig/ml for real-time monitoring. Starting 
concentrations of 10 ng, 100 ng, 1 p,g, and 10 |Hg were PCR amplified 
for the results presented below. The second, or “Taqman” PCR, is 
available from Perkin Elmer/Applied Biosystems (Foster City, CA). 
That system amplifies the beta-actin gene from human genomic DNA. 
It uses a fluorescent energy transfer-based DNA probe for real-time 
product detection. Master PCR mix was added to the micromachined 
silicon chambers and overlayed with mineral oil to seal the top of 
the chambers. Each microdevice reaction was aliquoted from the 
master mix and thermocycled in a Perkin-Elmer GeneAmp® 9600 
Thermal Cycler. The GeneAmp® reactions were typically cycled at 
93 °C, 60 °C, and 72 °C each for 30 sec. For product verification, 
agarose electrophoresis PCR fragment identification gels were run in 
tris-borate buffer, stained with ethidium bromide, and photographed 
using UV light (302 nm). 
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Results and Discussion: 

Commercial thermal cycling instruments typically (the one exception 
is the Idaho Technology Air Thermal Cycler [12]) heat and cool at 1- 
3°C/sec. All of them require at least 110 VAC input and can draw as 
much as 1.4 KW power. With the small thermal mass of the reaction 
chambers in the MATCI, we have been able to achieve heating rates 
of over 25°C/sec; and cooling of nearly 5°C/scc passively, and 8°C/sec 
with a 3 VDC fan. These fast ramping rates has allowed us to 
perform experiments to decipher the effect of thermal cycling 
parameters on DNA productivity.. Figure 2 shows an example of an 
ultrafast thermal cycle series (35 cycles in 10 minutes). In that case 
sufficient DNA product from a 268-base-pair target was amplified 
with an extremely short extension time (2 sec.), indicating an enzyme 
reaction rate approaching 100 bp/sec. 




Figure 2. Example of rapid thermal cycles attained with the MATCI. 
Input voltage was 30V. The thermal sequence was l sec denature 
and extend temperatures and a 2- sec extension temperature. 

Two fluorescent assays were employed: 1) monitoring double- 
stranded DNA production via ethidium bromide (EtBr) intercalation 
and fluorescence enhancement similar to Higuchi et al [13] and 2) 
specific DNA probe with energy transfer dyes similar to Livak et al. 
[14], Holland et al [15] and Lee [16] called "Taqman". That technique 
utilizes a short oligonucleotide probe that hybridizes (binds) 
specifically to the targeted region of DNA. The probe has two 
energy-transfer fluorescent dyes that overlap when it is un- 
hybridized in solution. In that case, only the quencher (longer 
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wavelength fluorophore) fluoresces. In this commercial system, the 
reporter is a fluorescein derivative and the quencher is a rhodamine- 
based dye. When the probe hybridizes during PCR, the exonuclease 
activity of the PCR Taq enzyme cleaves the probe, and permanently 
separates the dyes. The result after a series of thermal cycles 
(related to the initial concentration), is an accumulation of the 
previously quenched dye emission signal. 

Figure 3 shows a graph of starting copy number of the target 
DNA versus thermal cycle count for four different concentrations of 
starting DNA (10 ng, 100 ng, 1 |ig, and 10 |i,g) obtained with the real 
time monitoring system and EtBr fluorescence monitoring. The 
template was the 268 base-pair beta-globin gene on double-stranded 
human genomic DNA derived from a cultured cell line, HL60. It can 
seen that there is a linear quantitative relationship between number 
of reaction cycles required to bring the target product fluorescence to 
a significant level. This allows for the user to end the reaction when 
sufficient DNA has accumulated, thereby significantly speeding up 
the analysis. These results are identical to results obtained on the 
large commercial systems. 




Figure 3. Ethidium bromide fluorescence intensity versus thermal 
cycle count for four different concentrations of starting DNA (10 ng 
10 jig) obtained with the MATCL The template was the beta-globin 
gene on human genomic DNA. 

Figure 4 shows an example of the Taqman PCR assay obtained 
on the MATCI. 
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Figure 4 . Fluorescein (FAM), and Rhodamine (TAM) fluorescence 
calculated into a simple F AM/TAM ratio (RQ) as a function of cycle 
number for the detection of the beta-actin target from the 
commercially available Taqman assay performed on the MATCI. 

In this case, the sample was the commercially available Taqman 
assay that detects the beta actin gene on human genomic DNA. This 
assay is also quantitative and the results are obtained and displayed 
at each cycle. The Taqman assay also has an additional level of 
specificity, since the probe has to bind to the target and have 100% 
homology in order for the enzyme to perform the exonuclease 
activity. In a large series of experiments with this assay system, the 
fluorescence ratio signal of the normalized fluorescein/rhodamine 
emission signal consistently rose above background at cycle number 
26. It has the same quantitative behavior as does the EtBr 
monitoring assay 

The ability to rapidly quantitate DNA production in real-time 
has unique value to the utility of the PCR technique. The ethidium 
bromide assay has advantages, especially when used in combination 
with ultrafast amplification, due to it’s simplicity and the fact that 
PCR systems can be designed to be highly specific. The ’Taqman” 
approach, however, is both highly specific and quantitative. The 
results above indicate that the MATCI can perform both the EtBr and 
Taqman assay at a fraction of the cost, power consumption, and size 
of the commercially available systems. Other Taqman assays that 
have been performed on the MATCI include real-time, quantitative, 
monitoring of actual human patient tissue samples for HIV and 
hepatitus C RNA, and bacterial identification [in press]. 
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Direct coupling and integration of our PCR chamber onto a 
microelectrophoresis system has also been accomplished. We have 
been able to do fast PCR (35 cycles in less than 20 minutes) and fast 
electrophoretic (less than 2 minutes) separations with that hybrid 
system, as well as, perform PCR with inter-cycle electrophoresis to 
shown real-time, exponential accumulation of PCR products (Woolley 
et al [17]. 



Conclusions 

Using microfabrication technology to make high efficiency 
reaction chambers, and the integration of several miniaturized 
detection components, we have made significant progress toward a 
very functional, miniaturized and integrated analytical instrument 
for nucleic acids. The MATCI system has been verified in it's ability 
to analyze a wide variety of nucleic acid samples as well as, or better 
than, commercially available systems. Ultrafast thermal cycling has 
shown increased productivity of the PCR process, and integration of 
diode-based optics and microelectrophoresis channels has extended 
the miniaturized instrumentation to allow real-time, quantitative, 
and specific detection without the need for human intervention. 
Therefore, the ability to miniaturize and reduce the cost of these 
analytical instruments with a new level of integration and portability 
have been demonstrated. 
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ABSTRACT 

In this contribution, the development of a nanoscaled interdigitated electrode 
structure for impedimetric measurements, made by deep U.V. lithography is 
reported. This biochemical impedimetric detection system has several potential 
advantages over other detection systems and is easy to integrate in a 
multiparameter testing system. 



INTRODUCTION AND PRINCIPLE 

Genetic diseases and viral infections can be detected by looking for certain DNA sequences. 
Infections can also be confirmed by looking for the presence of certain antigens or 
antibodies. The presence of these DNA sequences or antigens/antibodies can be detected by 
looking for the binding of these molecules to selective probes. An impedimetric geno- or 
immunosensor measures the binding of a target molecule to these probes by measuring 
changes in the electric properties in the vicinity of an electrode. When target DNA 
hybridizes to oligonucleotide probes or when antibodies bind to antigens, the change in 
electric properties results in a change of impedance, enabling the measurement of a direct 
electrical signal (Fig. 1). 

We will report on the study of a nanoscaled interdigitated electrode structure for 
impedimetric measurements, made by deep U.V. lithography [1]. Nanoscaled electrodes 
may offer potential advantages over other binding detectors. The small dimensions allow 
also for the integration of many sensors in a microreactor system and therefore, multiple 
parameters can be detected in an integrated system (Fig. 2). 




Figure 1: Principle of specific binding impedimetric sensor ; (a) without; (b) with to be 
detected molecules. 
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Figure 2: General concept of a multiparameter testing system. The proposed sensor can be 
integrated in such a concept. 



ADVANTAGES 

An impedimetric detection principle has a big advantage over optical systems since it gives a 
direct electrical signal. No extra steps are needed for detection of the binding. In optical 
systems extra steps are needed; e.g. attaching of fluorescent labels and laser excitation; or 
labelling with an enzyme that catalyzes a colorimetric or chemiluminescent reaction. 
Reading out instrumentation for the direct electrical signal does not need optical 
components, but just metal interconnects. The system is thus less complex and it is easier to 
integrate in a microreactor containing the sample. 

Sensors with nanoscaled electrode arrays have an improved sensitivity compared to other 
impedimetric measurement principles. When antibodies bind to antigens or when DNA 
binds to probes, only a very small region just above the surface is changed (i.e. in the order 
of 10 - 100 nm for an antigen-antibody layer and up to 200 nm for a probe-DNA binding). 
The nanoscaled electrodes only scan in a region just above the surface (some 100 nm) and 
thus show an improved sensitivity, measuring changes in this space region in comparison 
with conventional electrodes (1 Jim - mm's, e.g. Hofmann et al. in 1995 [2]). 

This effect was theoretically analyzed by calculating the electric field between the 
interdigitated electrodes [3]. Figure 2 shows a result of this calculation, namely the current 
comprisement, i.e. curves under which a certain amount of current is flowing. E.g., for 
electrode widths and spacings of 250 nm (L = 500 nm), 80 % of the current flows in a 
layer not higher than 250 nm above the surface. 

Deep U.V. lithography allows structuring of the electrodes in a very defined and accurate 
way. A better reproducibility is therefore to be expected in comparison with e.g. 'island'- 
likc electrode structures as in DcSilva et al. (1995) [4]. Another advantage is that large 
active areas are structured at once and many sensors can be put in an array. This offers 
advantages over e-beam patterning as in Hintsche et al. (1996) [5] while still achieving 
submicron structures. 
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Figure 2: Current comprisement of interdigitatecl electrodes. The figure shows one positive 
( middle ) and two half negative electrodes ( left and right). The spacing between the 
electrodes w sp equals the electrode width w e |. A curve of e.g. 80% means that 80% of the 
current flows beneath the curve. 



REALISATION 

A sensor with Pd electrodes was realized on silicon. First, a 1.2 Jim thick thermal oxide 
layer was grown on a 6" silicon substrate as a dielectric layer. Negative Deep U.V. resist 
XP 90166 was patterned (Fig. 3a). 

A stack of 15 nm Ti and 50 nm Pd was evaporated on the substrate and patterned by lift-off 
(Fig. 3b). Small arrays of sensors with different dimensions (500 nm electrode width / 550 
nm spacing down to 250 nm electrode width / 200 nm spacing) were achieved. The 
electrode fingers are 500 |im long and the total width of one sensor is 1 mm, i.e. a sensor 
has between 952 and 2222 electrode fingers. 
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Figure 3: Steps in production; (a) S.E.M. ofXP 90166-resist pattern ( here 200 nm wide 
lines); (b) Pd electrodes after lift-off (here 400 nm wide electrodes). 
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Figure 4: Sensor mounted on a PCB. 

A second lift-off process was used to pattern bonding pads. The wafer was then diced. 
Dam material was put around the active area of the sensor. The sensors were wire-bonded 
and mounted on a PCB for characterization (Figure 4). The wires, bonding pads and PCB 
were covered with epoxy. 

With 2500 electrodes of 500 pm long and 200 nm wide, a large active area of 0.5 mm 2 is 
achieved, providing a large detection signal. 



RESULTS 

Antibodies, antigens, DNA, RNA, etc. can be analyzed with this sensor. On a prototype 
with non-interdigitated electrodes of 250 nm, allatostatin antigens were immobilized on top 
of the electrodes via 3-glycidoxy propyldimethylethoxy silane [6]. The non reacted 
glycidoxy moieties were then blocked with BSA (Bovine Serum Albumin). The 
measurement started in 1.2 ml PBS (Phosphate Buffer Saline), phosphate buffered 
physiological solution. 100 pi of a ( 1 : 100) diluted serum sample with allatostatin antibodies 
was added after 1 min, 5 min. and 9 min. Figure 5 shows the series resistance and series 
capacitance between the external electrodes in function of time, measured at a frequency of 
l kHz. 
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(b) 

Figure 5: Impedance in function of time , measured with 5 mV at l kHz . Measuring started 
in 1.2 ml (PBS + 0.2% /JSA ), after 1, 5 and 9 minutes 100 pi AB ( 1:100) were added; (a) 
series resistance ; (b) series capacitance. 



CONCLUSION 

We present a new fabrication method (Deep UV) for interdigitated electrode arrays with 
nanoscaled dimensions resulting in a sensor showing advantages over other electrochemical 
biosensors. This type of sensor can be integrated in multiparameter testing systems. 
Preliminary data show a good response for the affinity reaction between allatostatin 
antigens and antibodies. 
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Abstract 

Micro system technology offers new possibilities in the realization of miniaturized 
chemical devices. A miniaturized thermocycler was developed using thermal simula- 
tion and micromachining for preparation of the silicon chip. This device integrates a 
sample chamber etched in single crystalline silicon, a thin film heater and thin film 
temperature sensors. An external circuit allows the fast and precise thermal control 
at high heating and cooling rates with small power consumtion. In this device PCR 
experiments were performed successfully. 

Keywords:polymerase chain reaction, PCR, micro chip reactor, thermal simulation, 
thermocycler 



1. Introduction 

The polymerase chain reaction (PCR) is a well introduced method for the selective 
identical replication of DNA molecules. By an enzymatic in-vitro amplification 
process, the concentration of a DNA species is nearly doubled in a process steps at 
three different temperatures. This way, the DNA concentration can be multiplied 
more than million- fold by 20 to 30 cycles of temperature [1]. Usual devices for this 
thermocycling process work with heating and cooling rates in the order of about 2 
K/s. This limitation makes thermocycling for PCR to be a rather time-consuming 
process. The heating and cooling rates are limited by the heat capacities of these 
devices. The heat capacity of the device is mainly controlled by the heat capacity of 
a metallic block for thermostatization. The influence of the heat capacities of samples 
in conventional devices decreases to a negligible value, if the sample volumes is 
reduced down to a few microlitres. Therefore, the miniaturization of sample volume 
demands a reduction of device heat capacities, resulting in the development of new 
types of cycling devices[2] 

Micro system technology offers new possibilities in the realization of miniaturized 
chemical devices. A miniaturized thermocycler was developed based on a silicon 
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chip [3]. This device integrates a sample chamber etched in single crystalline silicon 
and a thin film heater. In addition, the cycler chip can be combined with a miniatur- 
zed separation system, e.g. a capillar electrophorese chip in order to realize an 
integrated DNA analysis system [4]. 

The dynamics of cycler chips is mainly determined by the heat capacities and the heat 
conductivity of the chip [5]. It is the aim of this work to discuss the possibility to 
optimize a chip thermocycler for fast controlled temperature profiles by choosing 
materials and geometries well adapted to cycling processes for samples of a few 
microlitres and to present the realization of a miniaturized cycler chip designed by 
using thermal simulation. 



2. Chip Design 



The time constants of the thermal relaxation of a system are determined by the ratio 
of heat capacity and the sum of all contributions to heat transport. Fast thermocyclers 
should possess low heat capacities and intensive transport processes, if no integrated 
active cooling is used. The lower limit for heat capacity is given by the volume and 
the specific heat of the sample and the unavoidable heat capacity of the walls of the 
sample chamber. But, even the heat transport can not be maximized, if a certain 
maximum temperature gradient in the innersphere of the sample chamber should not 
be exceeded. The solution of this problem consists in the subdivison of the device in 
three parts: a outer frame, connected with the heat sink, the sample chamber, and 
thermal gap betwen them. The time constant and the maximum temperature gradients 
of such a device can be adapted by different heat resistances in the three parts of the 
device. 




1. inlet 

2, Py rex 



3. Adjustment 

4. Reaction chamber 

5. Air chamber 



6. Thin film heater 

7 . Temperature senso 



a Cover 
b Topside 
c Backside 



Fig. 1 : Sketch of the cycler chip 
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The main design was based on a chip chamber prepared in silicon by use of a two 
step anisotropic etching procedure reported previously [5]. The sample chamber is 
formed by silicon walls, which guarantee a good heat conductance in the close 
surroundings of the liquid. This chamber is separated from the silicon frame by air 
chambers forming the thermal gap. Only small beams of silicon connect the sample 
chamber with the heat sink. This way, a single-chamber chip or a two-chamber chip 
were realized. The bottom of the sample chamber consists of a 50pm silicon mem- 
brane and contains thin fi lms resistors for heating and temperature measurement. The 
chamber was covered with a pyrex lid (Fig. 1). 



3. Thermal simulation 

FEM simluations were performed in order to evaluate the geometry of the cyler chip, 
particularly the local heat flows, the dynamics of the empty and the filled device and 
the temperature distribution in different phases of the PCR process. The simulations 
of the heat flow vector field show very impressively the heat barrier function of the 
air chambers for thermal simulation (Fig. 2). The heat is nearly exclusively 
transported by the small silicon beams from the innersphere region to the silicon 
frame. The simulation also shows, that the temperature gradients between the centre 
and the comers of the sample chamber never exceed 10 K, and the temperature of the 
most parts of the chamber deviated no more than about 3 K from each other. 
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12:32:49 
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Fig. 2: FEM calculated temperature distribution and heat flow vector field at the end of a 
heating phase 

The size of the air chambers and the beams mainly determine the time constant of the 
chamber. The simulation of temperature dynamics of a suited design shows that 
heating and cooling rates in the range of about 20 to 40 K/s should be achivable, if 
controlled heating power and active cooling is applied. 
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4. Microfabrication and construction 

The thermal gaps and the sample chamber were prepared by a two step anistropic 
etching process in silicon using a Si0 2 /Si 3 N 4 mask. This way, two different etch 
depths were realized without the necessity of depositing an additional mask layer for 
silicon deep etching. The difference in etch time determines the thickness of the 
silicon bottom membrane of the chamber, which is mainly responsible for temperatu- 
re equalization over the whole sample and the dynamics of the system.Platinum for 
thin film resistors and aluminum for wiring and contact pads were deposited on the 
back side of the bottom membrane by a sputter process. Platinum was structured by 
a dry etching process using ion beams. Aluminum was patterned by a wet etch step. 
After etching, the chip was covered with an organic polymer or a silicon containing 
polymer or it was silylated by surface reactive agents in order to avoid unwished 
interferences between the PCR reagents and chemical active groups on the innersides 
of the chamber walls. Then the silicon chip was covered with a pyrex glass chip, in 
which inlet and outlet tubes for filling and deflating of reaction solution were moun- 
ted. The glue bonded chip device was mounted on a PCB board and electrically 
connected by ultrasonic wire bonding.The calibration of the integrated platinium 
temperatur sensors was realized in a climatic chamber. The characteristic temperature 
vs. resistance curve was nearly linearly in the range 20°C... to 100°C. 



5. Temperature control 

The integrated thin film Pt resistor acts as temperature sensor in an analog feedback 
control, an programmable voltage source gives the temperature set point. Measured 




Fig. 4: Circuit for temperature control of the cycler chip 
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data like temperature, heating current and heating power where on-line monitored 
and stored in a personal computer (Fig .4). The experimental setup was arranged 
under a stereo microscope for visual observation of the reaction chambers. 





Fig. 5: Typicyal protocol for fast PCR with 30 cycles 

Using a programmable voltage source we can realise very fast heating ramps without 
temperature overshot or any other temperatur protocols. The platinium sensor 
elements have a good long term stability (Fig.5). 



6. Physical characterization 

The thermal behaviour of the fast temperature controlable chip device was firstly 
tested by melting experiments ( Table 1). It was found that the required temperature 
wase realized very precisely in the temperature range typical for PCR. 



test substance 


melting 

point 


Pt 100 
reference 


measured 

temperature 


Benzophenone 99+% 






48.4°C 


2,6-Di-tert-butyh4-methylphenol 99+% 


69..70°C 


70.0°C 


70.0°C 


1 H Benzotriazole (1,2,3) 99% 


98..99°C 


98.1°C 


98.3°C 



Tab.l: Test substances for melting tests and measured melting temperature at the 
cyclerchip 

The dynamics of the empty and the water filled chip thermocycler were tested by 
thermal relaxation experiments using a rapid control of temperature under realisation 
of an electronic feed-back between measurement and heating resistances (Fig. 6). 






















299 





chamber empty 
chamber filled 



6: Dynamic of the empty and filled chamber Fig. 7: Precision of the temperature control 

Using electronic temperature control maximal heating rates upto 80 K/s and cooling 
rates down to 30 K/s were achieved. The maximum heating power during rapid 
heating is less than 5 W. The heating pulses for stabilizing a temperature of 95°C are 
smaller than 1.25 W. The temperature changes are less than ±0.1 K in time (Fig. 7). 
The quick thermal response allow the precise realization of linear heating protocols 
(Fig. 8). The heating as well as the cooling down were performed at nearly linear 
rates of 1,2,3,5,10 and 15s. The deviations from linearity are smaller in the cooling 
mode, if a fan for active cooling is used. 




Fig. 8: Heating and cooling ramps of 1,2,3 and 6s in a test protocol 
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7. PCR tests 

As a template a plasmide DNA of 3737 bp (pT7 blue (R)) was used in PCR test of 
the temperature-controlled chip thermocyler. The target DNA defined by the primers 
was about 850 bp. We used 8 pi of a standard PCR mixture with Taq-polymerase 
for cycling at temperatures of 94°C, 50°C and 70°C. After 30 cycles the product was 
analyzed by a gel electrophoresis. A typical result is shown in Fig. 9, where marker 
and reference samples were included. 




5 pi reference 
10 pi reference 
20 pi reference 



8 pi chip cycler 



Fig. 9: Results of gel electrophoresis show a successfully amplification 

8. Conclusions 

Fast- working chip thermocycler of well defined dynamic behaviour can be designed 
be integration of suited thermal gaps. This way, heating rates upto 80 K/s were 
realized, whereas the power consumption did not exceed 5W. A sufficient equaliza- 
tion of temperature in the sample can be realized by a thicker silicon membrane. The 
cycler can work with programmable heating and cooling profiles, e.g. linear rampes 
in the range of a few milliseconds up to some ten seconds . The realization of PCR 
was demonstrated with a sample volume of 8 pi and a target DNA of 850 bp. The 
product was characterized by gel electrophoresis showing that the yield of product 
from micro devices is comparable with the yield of conventional reference procedu- 
res. 
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Incremental Parallel Microtitration: A Novel Approach 
Towards Test Strip Devices of Extreme Accuracy 
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Abstract. The paper presents a novel approach of a microchemical on site test 
based on a high resolution volumetric analysis with optical equivalence indication. 
This novel microsystem combines the advantages of volumetric analyses with dry 
chemistry and microtitration techniques resulting in a short analysis time in 
combination with an extremely high accuracy. In comparison to other analytical 
methods a calibration of the system and a colour relation with a reference scale is 
not necessary. Furthermore there is no need to use any additional chemical 
reagents. The system is easy to handle and free of interferences. As mass 
production technologies can be applied the costs for manufacturing can be 
decreased dramatically. 

The variety of applications of this new analytical technique based on the 
incremental parallel microtitration will be presented showing first examples of acid 
base-, redox-, complexometric titrations and an outlook on the determination of 
more complex sum parameters like the chemical oxygen demand (COD) or the 
total organic carbon (TOC). 



Keywords, microtitration, microreactor, test strip analysis; volumetric analysis 
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1. Introduction and state of the art 

Every day in the course of routinely performed quality control vast amounts of 
chemicals are being used. Accordingly the amount of waste to be disposed and the 
costs arising from this are high and become increasingly an important part of the 
overall expenses for chemical analysis. Furthermore chemical analysis for the 
purpose of environment control gets more and more in conflict to the pollution that 
arises from the amounts of chemicals used for it. Systems of microreactors can be 
applied in order to reduce the chemical waste as well as the time needed for 
performing highly accurate tests making chemical analysis available right in the 
place where it is needed. 

Currently there is a number of methods being used for quantitative chemical 
analysis. Some are time consuming or need a considerable amount of laboratory 
equipment (ie. gravimetric analysis, chromatography, spectroscopy etc.) others are 
easier performed on remote sites with far less equipment (i.e. test strip devices and 
volumetric analysis). 

When modem dry chemical test strips or test kits are being used the main aim is to 
lower the expenses for analysis in time and money. On the other hand inaccurate 
sampling and semiquantitative results have to be accepted. These results are made 
even worse by typical subjective readouts that employ visual comparisions of the 
test strip colour with a standard colour table. The application of these cheap tests 
is generally restricted when it comes to additional operations (i.e. sample 
preperation, extraction, oxidation, buffering etc.). 

Application of the more accurate volumetric analysis achieves high quality results. 
It leads on the other hand to enormous amounts of chemical waste especially in 
routine analysis that often contains extremly hazardous substances (i.e. when 
determining the chemical oxygen damand COD). Furthermore volumetric analysis 
consumes considerable amounts of time. 
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2. System description 

To overcome these problems in on-site analysis we developed a new modular 
system (s. figure 1) for miniaturised volumetric analysis. The principle set-up 
consists of two different modules. The first module serves for reproducible 
sampling with the help of capillary forces. The sample is splitted into equal ali- 
quots that are brought forward to an array of microreactors. In the second module 
the small aliquots react in a number of these separate microreactors simultaneously 
with immobilised gradually variing amounts of reagents. The result of the reactions 
is presented by indicator substances that stain the microreactors in such a way that 
the concentration of the analyte can be obtained by simply counting the coloured 
dots or by reading a scale at the point where coloured and uncoloured dots meet. 




i 




coulored solutions 
after reaction 



fig. 1 . Principle of incremental parellel microtitration 
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Performing the test will be easily done by dipping the module into the sample- 
solution and pipetting the aliquot either by capillary forces or some kind of 
suction. 





fig. 2. Usage of the test strip and enlarged picture of a titration module for multiple 
tests carried out simultaniously 
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3. Potential applications 

The application of this system is straight forward and may be adapted in the 
following fields of quantitative analysis: 

• acid / base titrations: 

i.e. determination of Chemical oxygen 
demand parameter (COD) 
determination of Total organic carbon 
parameter (TOC) 

• redox titrations 

i.e. glucose testing 

• complexometric analysis 

• immunosensoring 

• biosensoring 



The following examples (s. fig. 3-5) may illustrate this idea: 



nitrate detection: 

indicating colours: 
N0 3 ' colourless 

| reduction 

N0 2 ' 

degradation of 
defined amounts 

detection of excess N0 2 " by red 

formation of azo-dye 



fig. 3. schematic outline for an environmental application 
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determination of water-hardness: 



Ca /Mg 



EDTA 



complex 

evaluation by the colour of 
the ERIO-T complexes 



indicating colours: 
red 



decreasing 
amounts of 
EDTA 



blue 



fig. 4. schematic outline for a technical application 



glucose-testing: 

indicating colours: 
colourless 

decreasing 
amounts of 
thiosulfate 

h dark-blue 

detection of excess h by 
application of the iodine- 
starch-reaction 



glucose 
| GOD 

h 2 o 2 

I r 



fig. 5. schematic outline for a medical application 
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This basic system can be further simplified combining one module with an other or 
it may be extended to incorporate additional functions (i.e chromatographic 
separation). More complex tests like the COD are accessible this way (s. fig. 6). 
The cemical oxygen demand determines the contamination of an aqueous solution 
with organic matter by oxidising those compounds with hot chromo sulfuric acid to 
form carbon dioxide. Sampling will be carried out as described above by module 
4. Module 3 contains the oxidising agent and wil be connected to module 4 to form 
carbon dioxide diffusing through the gas permeable membrane 2 into module 1 . 
Module 1 contains the titrator base including a suitable acid-base indicator. 
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fig. 6. schematic assembly of modules for COD 
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When manufacturing test strips traditional injection moulding can be used. With 
the method of precision injection moulding microreactors and pipetting systems of 
accurately defined size and therefore defined volume can be produced. 

The realization of even more complex tests, requiring chromatographic separation 
zones or biochemical reactions seem to be possible since defined volumes of 
sample solution are used instead of poorly defined thin adhesive films as they 
appear in dry chemical test strips. Thus the gate for a great variety of rapid tests 
for quantitative chemical analysis is being opened. 

4. Conclusions and outlook 

The paper presents the idea of a novel microsystem that combines the advantages 
of volumetric analysis and the techniques known from test strips and microtitration 
resulting in short analysis times combined with extremly accurate results and to 
about 1 % reduced amounts of waste minimising the overall costs of routine 
chemical analysis. Compared to other analytical methods in this field these tests 
are a lot easier to handle since a separate calibration as well as any subjective 
comparison to a scale of colours is not needed. Furthermore there is no need for 
the use of additional chemical reagents. As mass production technologies can be 
applied the manufacturing costs are low. A great variety of tests can be made 
available to anyone at anytime in anyplace. 

Further research and development will focus on the kinetics of microreactor 
processing resulting in improved fluidic properties as well as the overall test strip 
construction. Research on the immobilisation and stabilisation of micro amounts of 
a variety of chemical reagents will be carried out. Adapting microprocessing to 
further anaytical reactions thus increasing the number of tests available will be the 
main goal of our future work. 

We gratefully acknowledge the support of our work by the NRW Ministerium fur 
Wissenschaft und Forsehung; MWF fund no.: IV A 5 - 103 020 97. 
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Abstract 

Requirements of an analytical system for the analysis of the products of 
ethenoxide and propenoxide synthesis are discussed in relation to the specific 
features of the microreactor technology. A selection of suitable stationary phases 
and column techniques are considered and preliminary results on the analysis of 
synthetic mixtures of compounds of ethenoxide synthesis are presented. 



Keywords: microreactors, GC-analysis, high-speed separations, capillary 
chromatography 

1 Introduction 

Miniaturization is a dominating trend in development of modem techniques and 
hard ware constructions. Miniaturization saves materials, reduces production costs 
and improves handling and regulation in industrial processes. In many cases it 
allows problems to be solved, which would otherwise be difficult using 
conventional techniques. One example of such a process is the explosive 
technology employed in industry such as oxidation, halogenation etc. The large 
amount of heat produced in the reaction is always a potential danger for both 
personal and equipment, particularly in the case when some regulation functions 
of the system are failed. The danger of explosion can be reduced by 
miniaturization of the reactors used due to the higher heat dissipating ability of the 
latter ( higher surface/mass ratio). 

Miniaturization of reactors puts new requirements on the analytical systems. 
They should be miniaturized to the same level as the reactors themselves and they 
should be fast enough to serve a large number of microreactor units. Individual 
microreactors are commonly combined in stacks to achieve a desirable 
productivity of the system and the analytical control should be performed on the 
each unit included in the stack. 

Miniaturized chromatographic systems have been developed e.g. for the Space 
Shuttle Program by NASA, which then became commercially available, but they 
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do not correspond to the requirements of the industrial analytical systems 
integrated in microreactors. First of all the analytical unit in an industrial 
microreactor system should provide sufficient selectivity and resolution for a 
particular mixture of the adduct and product, which are specific for the process in 
a given microreactor. Secondly, an industrial analytical system should be robust 
and inexpensive in order to be integrated into microreactors. The objective of this 
paper is to elucidate how the requirements mentioned above can be realized based 
on state-off-the-art modem chromatographic technique. 

2 Experimental 

1. Reagents. All gases were purchased from Linde AG (UnterschleiBheim, 
Germany) and used without additional purification. Test-mixtures were prepared 
in a stainless steel sample cylinder ICT GmbH (Bad Homburg, Germany) at a 
pressure up to 5 bar. 

2. Chromatographic experiments were performed on DANI GC model 860 (DANI 
Deutschland GmbH, Mainz-Kastel, Germany) equipped with TCD and FID 
detectors and . Samples were injected by means of injection valve (VICI AG, 
Schenkon, Swiss) CI4WE equipped with 0,06 and 0,5 pi loops. 

3. Data were collected and evaluated by means DANI Chromatographic 
Workstation and Software IQ supplied with the workstation. 

3 Discussion 

There are two industrial oxidation processes which have been chosen for 
investigation in the project “Fundamental investigations on development, creation 
and characterization of microreactors for industrial relevant reactions in the gas- 
phase” [1], namely oxidation of ethene to ethenoxide and propene to propenoxide. 
The first reaction is a well-known, large-scale industrial process [2] occurring in 
the gas-phase at ca. 300°C, ca. 30 bar pressure and in the presence of a silver 
catalyst. The reaction mixture contains some permanent gases (oxygen, argon, 
carbon dioxide), light hydrocarbons (ethene, ethane, methane) and oxidation 
products ( ethenoxide, alcohols, aldehydes). The second reaction is carried out 
today in industry mainly in the liquid phase. Its realization in a gas phase in 
microreactors is now under investigation [1]. Nevertheless, one can assume that 
the composition of the reaction mixture will be close to that of the first reaction, 
i.e. some permanent gases, hydrocarbons (propene, propane, methane) and 
oxidation products. Analysis of the reaction mixtures can be performed by means 
of gas and/or liquid chromatography. Because of the reactions are being carried 
out in the gas phase, the choice of GC-analysis seems to be natural. Besides, one 
can analyze by means of HPLC only selected components of the reaction 
mixtures. Permanent gases could not be detected by conventional HPLC detectors. 

The dominant position in modem GC-analysis belongs to the capillary 
technique [3]. In spite of the relatively low specific efficiency of capillary 
columns, i.e. low number of theoretical plates per meter of the column length, 
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which are commonly in the range of 3,000 to 8,000, they can be used in length up 
to 100 meters providing an extremely large total number of theoretical plates up to 
500,000. Analysis can be performed within 1-2 hrs, that is sufficient for most 
applications. Unfortunately, capillary columns coated with a liquid stationary 
phase which are routinely used in high speed GC-analysis do not provide 
sufficient selectivity on separation of some classes of compounds. Among these 
compounds are the most important for this project are permanent gases and light 
hydrocarbons. A solid porous stationary phase is therefore needed for separation 
of these analytes. 

In preliminary experiments we tested some common packing materials for GC 
on their ability to separate reaction mixtures from the synthesis of ethenoxide and 
propenoxide using conventional packed columns. Table 1 contains separation data 
collected on packed GC-chromatographic columns with all three groups of 
compounds presented in synthetic mixtures. One can see that separation of 
permanent gases can be best of all achieved with zeolithe used as a stationary 
phase, while separation of light hydrocarbons and oxidation products can be 
performed better with porous polymeric stationary phases. It is worth noting that a 
direct injection of reaction mixtures on the GC-column packed with a zeolithe is 
not possible, because of irreversible adsorption of some components (water, 
ethenoxide, propenoxide etc.). Therefore, three different test mixtures were used 
in the experiments above to characterize separation ability of stationary phases. 



Table 1: Overlook of separation properties of different stationary phases in GC 1} 



adsorbent 


permanent 

gases 


light 

hydrocarbons 


polar oxidation 
products 


remarks on separation 
properties 


zeolithe 4A 


not separated 


very strong 
retention 


irreversibly 

adsorbed 


cannot be used for an 
analysis of polar analytes 


zeolithe ZSM-5 


0 2 and N 2 
completely 
separated 


very strong 
retention, bed peak 
shape 


irreversibly 

adsorbed 


strong retention of C0 2 , 
polar analytes cannot be 
separated 


zeolithe 13X 


l i ’ 

iH 


very strong 
retention, bed peak 
shape 


irreversibly 

adsorbed 


polar analytes cannot be 
separated 


Poropak Q (polymer) 


not separated 


not separated 


well separated with 
temperature 
gradient 


cannot separate 
permanent gases 


Purolyte (polymer) 


not separated 


not separated 


well separated with 
temperature 
gradient 


cannot separate 
permanent gases 


HayeSep A 
(polymer) 


not separated 
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1 . Separating conditions: GC by Firm DANI GmbH, thermal conductivity detector, stainless steel column ID 2 mm and 
length 2-4 m. 



Combination of the separation ability of porous stationary phases such as 
zeolithes and porous polymers with the efficiency of capillary columns results in 
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so-called PLOT-columns (porous layer open tubular capillary columns) [4], where 
a porous stationary phase (polymer or zeolithe) is fixed onto the inner wall of the 
capillary column. We used a Gas-Pro column (ASTEC Inc., Whippany, NJ, USA) 
designed for separation of light hydrocarbons. As one can see from Fig.l 
separation of C1-C3 hydrocarbons can be achieved within 0,4 min on a short 
column ( 5 m x 0,32 mm) with a flat gradient from 130°C to 180°C. 
Unfortunately, ethenoxide and propenoxide could be eluted from this columnonly 
at high temperatures and required longer times for elution (Fig.2). To optimize the 
analysis time to the requirements of the microreactors some additional 
experiments are necessary, but even now it is clear that permanent gases could not 
be analyzed with Gas-Pro-column because nitrogen, oxygen and similar 
compounds were not retained on the column at a room or higher temperatures 
(Fig.2). To analyze permanent gases with Gas-Pro column temperatures lower 
than -70°C should be used. But the retention of other components of the reaction 
mixture is extremely long at these temperatures. The elution can be accelerated 
by a temperature gradient from -70°C to up 250°C, which should be created in a 
short time to keep the total analysis time as short as possible. Such a gradient is 
still difficult to realize in praxis. 




Fig.l Separation of a mixture of light hydrocarbons (C1-C3) on Gas-Pro PLOT column. 
Conditions: column 5 m x 0,32 mm, carrier gas helium 0,8 bar, gradient from 130°C to 
180°C at 20°C/min, FID-detector, injection volume 0,06 pi. 



Another possibility to analyze permanent gases is to use an additional column 
containing zeolithe ( packed or fixed onto the surface of capillary ). This 
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stationary phase is able to separate permanent gases even at room temperature. 
Therefore column switching technique should be utilized to resolve all 
components of the synthetic mixtures. Accounting for desirable analysis time of a 
few minutes the switching requires short and precise timing. This technical 
problem requires to be solved and this should result in a GC-system allowing 
complete analysis of the synthetic products. 



C 




Fig. 2: Separation of a synthetic mixture of nitrogen, carbondioxide and ethenoxide on 
Gas-Pro PLOT column. Conditions: column 5 m x 0,32 mm, carrier gas helium at 0,9 bar, 
gradient from 25°C to 250°C with 10°/min, TC detector, injection volume 0,5 pi. 



4 Conclusions 

Requirements of an analytical system integrated in microreactors were discussed 
in respect to selectivity, efficiency and robustness. Commercially available 
miniaturized GC-systems do not correspond to these requirements due to their 
high price, low robustness and insufficient flexibility. On example of synthesis of 
ethenoxide and propenoxide it was demonstrated that a complete analysis of all 
components of these reaction mixtures could not be performed on a single column 
device. Column switching technique should be utilized to resolve all compounds 
presented in the mixture. Technical problems of short and precise timing of 
switching valves require to be solved to construct a miniaturized GC analytical 
system suitable for integration in microreactors. 
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Possibilities for Thermophysical Reaction Monitoring 
in Microreactors 
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Abstract. Heat power measurements are interesting for the monitoring of the extent 
of chemical reactions, because it is a direct measure of this extent. In many cases 
analytical reactions including reactants or products of the reaction under investiga- 
tion are monitored calorimetrically. Heat power measurement is well created into 
miniaturized structures. The manufacturing of suitable heat power transducers like 
integrated thermopiles, thin film thermistors or platinum resistors and miniaturized 
heaters for calibration purposes are possible on high technological standard. This 
paper represents the results from measurements with miniaturized calorimeters. 



1 Introduction 



It is obviously that for the exact determination of the heat or the heat power of a 
chemical reaction, calorimeters of larger size is highly required. The main reasons 
of this requirement are the higher precision of the sample handling and the tight 
control of heat leaks in larger scaled instruments. However, the monitoring of the 
heat production in micro-sized reaction systems is also desirable. Because of its 
universal nature, heat power can be applied as direct measure of the degree of 
reaction. Therefore, the calorimetric detection has some advantages over optical 
and electrochemical methods, which generally need special experimental condi- 
tions. Thus, the monitoring of concentration changes or the in-vivo determination 
of the rate of reactions in minichemical systems is better to be done calorimetrical- 
ly. Interesting calorimetric applications in micro-sized systems can be the analysis 
of enzyme based reactions, which are important for medical purposes and bioche- 
mical process control. Another important field is the thermal control of reactions 
with hazardous compounds, because the investigation of such reactions is a 
superior domain of microfabricated minichemical systems. The technical feasibility 
of miniaturized calorimetric units is growing with the progress of the silicon 
technology. All basic calorimetric functions as temperature measurement and 
calibration heating can be realized compatibly with standard commercial bipolar 
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or CMOS processes. The designing of complete calorimetric microsystems is 
possible by applying extra processing steps in addition to the standard IC proces- 
sing, i.e. selective coating, micromachining and wafer-to-wafer bonding. In spite 
of the micro-scaled geometry of such calorimeters, heat power resolutions in the 
microwatt range can be achieved. 



2 Design of Micro-Sized Calorimeters 



Generally, a simple calorimeter consists of a chamber in which the reaction takes 
place and is in a thermal contact with a heat sink. The heat sink is necessary to 
maintain a stable temperature reference. The heat flow between the reaction cham- 
ber and the heat sink is controlled by appropriate temperature sensors. In addition, 
a heater has to be attached for calibration purposes. All these elements are suitable 
for the integration within a single chip. Figure 1 shows a typical thermal structure 
consisting of a silicon chip in which a thin membrane is etched. Different mem- 
brane materials can be used: silicon, silicon nitride, silicone oxide or others. The 
thickness of the membrane has to be small enough to ensure a high thermal resi- 
stance between sample and silicon frame. The sample or a catalytic coating is 
deposit on the top of the membrane, preferably in its active area. This area is the 
part of the membrane, which is bounded by the hot junctions' of the thermopile. 
The heat power generated by the reaction is then detected by monitoring the 

temperature in the active area 
of the membrane. The Tem- 
perature is related to the refe- 
rence temperature, which is 
that of the bulky silicon fra- 
me. Mainly, thermorestistive 
and thermoelectric temperatu- 
re transducers are commonly 
used because of their compa- 
tibility with the basic techno- 
logies. Thermoelectric trans- 
ducers have some advantages 
over thermoresistive ones 
because of the lower noise 
contributions at comparable 
sensitivities. Furthermore, no 
external power supply is 
needed. To increase the sen- 
sitivity of themoelectric 



chip carrier 
silicon chip 
thermopile 
heater 



chip structure 



Ai Al 

Fig. 1. Structure of a calorimetric chip 
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arrangements, a number of thermocouples are series-connected to form thermo- 
piles. In the case of Fig.l the thermopile consists of p-type polysilicon/aluminium 
junctions, which are readily available in CMOS processes. 

The critical properties of micro-sized calorimeters are the sensitivity, power 
resolution and the dynamic behaviour. The power sensitivity of the calorimeter de- 
pends on the thermal resistance of the micromachined membrane and on the 
temperature coefficient of the thermopile. The latter is corresponded to the See- 
beck coefficient of the junctions multiplied by the number of couples within the 
thermopile. In addition to layout restrictions, the increase of the number of thermo- 
couples is limited. This limitation is due to the increasing electrical resistance, 
which leads to higher electrical noise. The heat flow through the membrane is 
bypassed by the direct heat exchange between the active area of the membrane and 
the surrounding atmosphere. Therefore, the thickness of the membrane should be 
optimized. The gain of power sensitivity decreases with decreasing thickness of the 
membrane because the overall thermal resistance will be gradually dominated by 
the heat conductivity between the active area and the atmosphere. Consequently, 
the heat exchange conditions will be unstable which results in a higher noise and 
difficulties concerning the calibration. Useful values of the thickness are in the 
range from 5 pm to 50 pm, which leads to typical values of the power sensitivity 
between 2 VW' 1 and 5 VW' 1 [1,2]. The power sensitivity of a calorimeter is not a 
sufficient parameter to characterize the potential for chemical applications. To 
describe the sensitivity of the calorimetric device relating to the concentration of 
the reacting components, the area of the active zone of the membrane becomes an 
additional parameter. If we consider a defined relation between the concentration 
of the chemical components and the density of the generated heat power, the total 
heat power is an integrated effect over the sample volume, which is in a very 
simple approximation proportional to the area of the active zone of the membrane. 
In addition to the above discussed influence of parasitic heat flow, the increase of 
the active area of the membrane and therefore that of the sample mass deteriorates 
the dynamic behaviour of the calorimeter. The low thermal time constants (for 
empty devices about 200 ms) are mainly caused by the extremely small heat 
capacity of the membrane. Even a small amount of reaction heat results in a 
significant temperature rise. These favourable properties are useful for investiga- 
tions of fast reaction kinetics. 

The sample handling in micro-sized calorimeters can be of different kinds. Batch- 
type devices, at which one component is deposit on the surface of the membrane 
and the second is dropped on it, are simple and show a high sensitivity. The dis- 
advantage of the discontinuous mode is cancelled in flow-through devices. In a 
single-flow type calorimeter one component or a catalyst is fixed on the active 
area of the membrane and the second component or a substrate is pumped through 
a cell containing the calorimetric chip. In the case of a mixing-flow arrangement 
both components are pumped through separately and are mixed within the reaction 
cell. Sealed micro-sized calorimetric cells can be constructed based on wafer- 
bonding technologies. 
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3 Experiments with Micro-Sized Calorimetric Devices 
3.1 Batch-Calorimetric Monitoring of Enzyme Catalyzed Reactions 



To investigate the suitability of calorimetric micro-devices for different chemical 
applications, some calorimetric setups are developed. In the first step, we have 
chosen a rather conventional sized construction of the chip surroundings to get 
clearer informations about the potentials of the calorimetric chips. For the same 
reason, the sample handling equipment are also not miniaturized. The aim of 
further work will be the development of completely miniaturized calorimetric 
equipment, which can be integrated in complex minichemical systems. 

The most important part of the calorimetric setups is the monolithic integrated 
silicon thermopile, purchased from Xensor Integration (Delft, Netherlands) [1], The 
thermopiles consist of an array of 160 p-type silicon-aluminium thermocouples, 
which are connected in series, and integrated in n-type silicon epitaxy layer grown 
on the silicon wafer (Fig.l). The silicon chips are fixed in a conventional integra- 
ted circuit chip carrier (PGA). The sensitivity of the sensor can be determined 
experimentally by use of an integrated resistor for Joule heating. We have applied 
two different types of thermopile chips, one with a size of the active area of about 
2x2 mm and another with 4x4 mm size. Only the bigger thermopile chip can 
be used for exact quantitative measurements because of the handling of the sub- 
stance. 




Fig. 2. Batch-calorimeter used for the investigation of liquid-liquid reactions. 
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For the calorimetric monitoring of reactions in small samples of solutions, we have 
designed a miniaturized batch heat-flow calorimeter (Fig.2). The calorimeter 
consists of two axial connected cylindrical aluminium blocks. The thermopile chip 
is located in the centre of the arrangement. The ceramic chip carrier is thermally 
connected with the lower alumina cylinder via the metallic pins. An axial hole in 
the upper cylinder serves for the mounting of a capillary, which holds the second 
reactant before the adding process. The wetting ring attached to the top of the 
interiors of the calorimeter is necessary for a faster adjusting of the vapour pressu- 
re. This decreases the rate of vaporisation of the liquid sample placed on the 
surface of the silicon membrane and therefore leads to a faster stabilisation of the 
signal base line. An extremely thin circular gauge with a diameter of 4 mm is used 
to ensure an exact positioning of the liquid drop (3 pi) in the centre of the surface 
of the chip. It also helps to increase the reproducibility of the size of the contac- 
ting area between drop and membrane surface. After placing the reactant on the 
chip the calorimeter is closed. Then, the capillary is filled with the second compo- 
nent (4 pi) and is introduced into the hole of the upper block of the calorimeter. 
The good thermal contacts between the block and the chip as well as the capillary 
ensure minor temperature differences between both reactants. 

Because of the small size of the silicon membrane, the dynamic behaviour of the 
heat-flow sensor is mainly determined by the heat capacity and the heat conducti- 
vity of the sample. Though, the dynamic of the arrangement is more complex, one 
can assume a first order transfer in most practical cases. The analysis of the decay 
of the heat-flow signals generated in neutralization experiments provided a first 
order time constant of about 3 s. This corresponds to a liquid drop of 7 pi on the 
membrane. For the pure silicon chip we found a time constant of 0.15 s. The time 

constants derived from the reaction 
peaks were used for the dynamic 
corrections to get the undamped he- 
at power curves of the reaction. Dy- 
namic correction is required in the 
case of kinetic investigations. 

We can show, that the described 
batch heat-flow calorimeter is a po- 
werful tool for the analysis of the 
kinetics of reactions. For instance, 
we have studied the hydrolysis of 
urea catalyzed by urease. The first 
step of the reaction is enzyme-cata- 
lyzed, while the second one summa- 
rizes several hydrolysis equilibria. 
The formation of the ammonium 
carbamate in the first step follows 
Fig. 3. Enzyme-catalyzed hydrolysis of urea: the Michaelis-Menten kinetic. For 

a) measured signal; b) corrected signal the second Step a first order reaction 

can be assumed. Figure 3 shows a 
measured heat-flow signal of a 
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hydrolysis experiment. In the same figure the corresponding heat power curve is 
given, which is obtained by an inverse filtering procedure using 3 s. time constant. 
Inverse filtering is a simple method for the dynamic correcting of signals. One can 
see from the graphs in Fig.3 a remarkable deviation exist only in the first part of 
the curve. This demonstrates the special suitability of the device for kinetic ap- 
plications. From the Michaelis-Menten equation a relation between the peak height 
h of the corrected curve and the enzyme activity can be derived: 

v mm =h*a*(c 0 +k M )/c 0 . (1) 

The Michaelis constant and the maximum reaction rate v max are parameters of 
the Michaelis-Menten equation. The parameter v max is directly related to the enzy- 
me activity. The factor a in equation (1) represents the sensitivity of the heat-flow 
sensor, the volume of the drop and the enthalpy of the reaction. The concentration 
of the urea is given by the parameter c 0 . Figure 4. shows the dependence of the 
peak height on the amount of enzyme obtained from reactions with equal concen- 
trations c 0 of urea. From the slope of the curve we have calculated an enzyme 
activity of 94 U mg' 1 . An independent electrochemical measurement of the enzyme 
activity provided a value of about 80 U mg' 1 . 

Because there is a defined causality between the measurable heat power and the 
activity of enzymes the calorimetric devices are applicable for the detection of in- 
hibition effects of heavy metal ions or other species. Figure 5 depicts the influence 
of the concentration of cadmium ions on the reaction rate of the urea hydrolysis. 
The inhibition of the peroxidase enzyme by cyanide ions is strong enough to de- 
tect concentrations of cyanide in the ppb range (Fig. 6) [3]. 




Fig. 4. Dependence of the peak height of the signal on the 
amount of enzyme 
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Fig. 5. Inhibition of the urease activity by Fig. 6. Inhibition of the peroxidase activity 
cadmium ions by cyanide ions 



3.2 Calorimetric Detection of Solid-Gas Interactions 

For the investigation of solid-gas interaction we have developed a flow-through 
calorimeter. In the study of fast and reversible reactions one can get advantage of 
the small time constants of the heat-flow transducer. A periodical change of the 
partial pressure of the gaseous reactant leads to periodical signals. Therefore, a 
phase-sensitive accumulation of consecutive periods of the signal is practicable. 
Thus, the noise can be reduced with the square root of the number of accumulation 
steps. 
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Figure 7 is a description of the set-up, which we have used to measure the heat 
power of the absorption of organic vapours by polymer layers deposited on the 
surface of the silicon membrane [4]. The gas flow is modulated by periodically 
switching between the channels of the inert gas (synthetic air) and that of a 
mixture of organic vapour and synthetic air. To prevent the dilution of the vapour 
mixture, both channels lead directly into the etched cave of the silicon chip. 

Because of the small size of the 
cave (20 pi) the mixing time 
constant is low (50 ms). This re- 
sults in fast and rectangular-sha- 
ped partial pressure variations 
near the polymer layer. In conse- 
quence a high signal-to-noise ra- 
tio can be obtained. The graph in 
Fig.8 shows the result of the ac- 
cumulation of 50 consecutive si- 
gnal periods obtained from the 
absorption of ethanol (500 ppm) 
by a layer of ethylcellulose. The 
thickness of the layer was appro- 
ximately 1 0 pm. The peak height 
corresponds to a maximum heat- 
power of 24 pW. The noise in 
the base line is lower than 
50 nW. 




layers: Accumulated signal 



4 Conclusion 

Miniaturized calorimetric devices allow investigations in a wide field of chemical 
reactions. Even in micro-scale dimensions enthalpies, reaction rates and the extent 
of reaction can be measured with a considerable sensitivity. Calorimetric micro- 
devices seem to be able for integration in more complex microsystems. 
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Abstract 

The authors present four different devices prepared by means of micro machining 
technique incorporating different concepts and materials, feasible for heating of and 
calorimetry in liquid flows at low rates of up to 1 ml/min or in single droplets of l-50pl. 
The heat management and calorimetric data are strongly determined by the used 
materials, the device topology, and the geometrical arrangement of heaters and sensing 
elements. 

Keywords: heat management, micro reactor, calorimetry, flow measurement, 
thermoelement 



1 Introduction 

The mangement of heat is one of the most important parameters in chemical as well as 
biochemical processes. Besides thermal activation in multi-channel arrangements III 
temperature control and heat measurement both in micro fluid reactors /2, 3/ as well as 
micro calorimeters /4, 5, 6/ with single fluid channels and of single droplets /7, 8/ are of 
interest for the characterization and processing of small liquid flows and volumes in 
laboratory operations. Here we report about the testing of four chip elements for liquid 
heating and micro calorimetry in the pl/min-range or pl-range, respectively, in different 
measurement arrangements. 

In all devices the concept of thermal insulation was realized either by preparation of a 
free-standing membrane within a silicon frame or the chemical wet etching of lengthy 
grooves into bulk silicon parallel to integrated fluid channels. Three devices carried a 
certain number of thin-film thermoelements of the highly sensitive material combination 
Bi 0 87 Sb 0 13 /Sb to yield calorimetric data. The measurement principle of the fourth one 
based on the thermoresistance of platinum. Integrated into each device was a thin-film 
heater of various metals or alloys like silver, platinum, nickel-chromium. 
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2 Experimental 

For all modules (lOO)-Si was used as bulk material, both double- sidedly polished and 
covered with a P:Si0 2 /Si 3 N 4 -multilayer by plasma enhanced chemical vapour 
deposition. Using anisotropic wet etching in NaOH at 80°C, silicon was partially 
removed, turning the multilayer into a free-standing membrane of various forms and 
areas as thermal isolation and support for the thin-film structures prepared in following 
steps. Pt and NiCr/Al thin-films were deposited by HF-magnetron sputtering, BiSb and 
Sb layers by electron beam evaporation, photo resist films by spin coating. Patterning 
of these films was done by isotropic chemical wet etching in standard etchants. 
Eventually bonding of the silicon half-shells of the modules carrying the functional 
layers was performed either anodically to sodium doped borosilicate glass or by two- 
component epoxy glue to another silicon half-shell. Electrical connection to printed 
circuit boards or sockets was achieved by Al-wire bonding. By this, four devices were 
prepared: 

• the thermoelectric micro calorimeter MK7 6 with 7 6 thin-film thermoelements 
and an Ag-thin-film heater, based on a free-standing membrane for rapid 
heating of single droplets and calorimetry in single droplets (Fig. 1 , 2) 

• the aforementioned MK76, inserted in a hybrid flow-through device for 
calorimetry on chemical reactions in flowing liquids (Fig. 3) 

• the thermoelectric integrated micro fluid calorimeter MFK44 with 44 thin- 
film thermoelements and two NiCr-heaters, build from two silicon half-shells 
with integrated fluid channel and two parallel thermal gaps, bonded by epoxy 
glue (Fig. 4, 5) 

• the thermoresistive micro reactor module MFM sym with one Pt-heater and two 
Pt-temperature sensors for thermal activation of chemical reactions or flow 
measurements by rapid liquid heating, build from one silicon half- shell with 
an integrated fluid channel and two parallel thermal gaps and one glass half- 
shell, anodically bonded (Fig. 6, 7) 



2.1 The thermoelectric micro calorimeter MK76 

For both heating and calorimetry experiments the MK76 (Fig. 1 , 2) 191 was introduced 
into a thermally isolated chamber with a saturated atmosphere of the liquid under 
investigation (mostly water or aqueous solutions). Single droplets of volumes within the 
range of l-50pl were applied onto the membrane area by micro pipettes. Heating was 
performed on water drops by using heating powers in the range of l-500mW. Of 
interest were the time constant of the system module-droplet, time for total evaporation 
of the droplet, heating rate, maximum power applicable, maximum temperature. All 
data were collected with respect to the drop volume. 

Calorimetry was performed on various chemical reactions such as the neutralization of 
sodium hydroxide and sulphuric acid, the biochemical reaction of glucose and oxygen 
catalyzed by glucose oxidase and catalase, the redoxreaction of bromate and malonic 
acid in a solution of sulphuric acid catalyzed by cerium. Data of interest were the 
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sensitivity of the thermoelements, the minimum detectable power, detection limits of 
concentration and total amount of the analytes. 
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Fig. 1: Top- view of the MK76 
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Fig. 2 : Cross-sectional view of the MK76 



2.2 The MK76 in a hybrid flow-through device 

To perform calorimetry on chemical reactions in flowing liquids the MK76 was 
inserted into a flow-through device made of two perspex half-shells, screwed together. 
The upper one was provided with an inlet and an outlet channel, ending within a cavity 
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of 19jnl volume exactly above the clamped module (Fig. 3). By this, flow injection 
analysis FIA was made possible. Again the biochemical reaction of glucose and oxygen, 
catalyzed by glucose oxidase and catalase was investigated, using the integrated heater 
just for calibration. 




Fig. 3: Measurement arrangement for the MK76 inserted into 
a flow-through device (6cm x 6cm x 5 cm) 



2.3 The thermoelectric micro fluid calorimeter MFK44 

In order to yield a calorimeter with integrated fluid channel the MFK44 was prepared 
(Fig.4, 5). With this module the experimental set-up for FIA including the MK76 was 
miniaturized from 6cm x 6cm x 5cm to 9mm x 6mm x 1mm. Again the aforementioned 
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Fig. 4: Top- view of the MFK44 
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Fig. 5: Cross-sectional view of the MFK44 



biochemical reaction was investigated with respect to the flow dependence, focusing on 
the named parameters. 



2.4 The thermoresistive micro fluid reactor MFM sym 

The device MFM sym is designed as a micro fluid reactor based on silicon and pyrex 
glass equipped with an integrated thin-film Pt-heater for rapid liquid heating and Pt- 
sensors for temperature measurements (Fig.6, 7). This module is also feasible for flow 
measurements. 

To explicitly show the capability of utilizing this module as a chemical micro reactor, 
the thermal activation of oxydation forming leucocolor (triphenyle methane) was 
chosen. In a modular arrangement with a miniaturized phase-transfer device and a 
micro photometer as detector, both developed at the IPHT, the increased absorbance of 
the liquid was measured. In further experiments flow measurements were performed, 
investigating the difference of temperatures at the sites of the two Pt-sensors while 
applying electrical power of up to 200mW on the Pt-heater. This difference was 
dependent on the flow rate, installed in the range of 1 - 80pl, since the flowing liquid 
carries heat in flow direction, distorting the temperature profile along the channel. 
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3 Results 



Characteristic data of the four presented micro modules are displayed in table 1. 




Micro Calorimeter MK76 for Micro Calorimeter MK76 in Hybrid Flow-Through Device 

Single Droplets 

sensitivity (without liquid): ~ 3.4 V/W 

Heating: optimum flow: 1 .2 ml/min 
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4 Summary 

The concept of yielding a thermally isolated region by preparation of a free-standing 
membrane as a support for single droplets leads to low time constants and high 
sensitivities of the thermoelements used for calorimetry. A major draw-back of the 
single-drop-approach are heat loss and low signal-to-noise ratio both due to 
evaporation even in a saturated atmosphere. Lower detection limits are achieved 
utilizing a flow-through device, since evaporation is avoided and perspex features a low 
heat conductivity as well as capacity. The integrated calorimeter shows a comparatively 
low sensitivity, probably due to heat loss into the channel silicon walls, and a 
comparable time constant The chemical micro reactor features a very low flow 
detection limit certainly due to thermal isolation by the preparated grooves. The time 
constant appeared to be in the lower minute range, though. Concluding from the time 
constants the degree of heat coupling into liquids via thin-film heaters depends on the 
thermal contact of heater to liquid as well as thermal mass and is comparable for the 
MK76 and the MFK44 (heater seperated from the liquid by 0.5pm resist and 0.8pm 
membrane, respectively), and larger for the MFM sym (heater seperated from the liquid 
by 150pm silicon). 
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Abstract. Plain surfaces with suitable chemical functions at defined positions are 
prepared. The handling of such kind of microreactors is simplified enormously 
since many probes defined by their chemical nature and their position are treated 
simultaneously. However the reaction products are different depending on the 
immobilized probe. Enzymatic reactions are becoming a valuable tool in order to 
achieve high specifity and efficiency. Typical reactions in molecular biology such 
as hybridization and nuclease digestion have been carried out on the surface of on 
oligonucleotide bearing chip. The density of molecules immobilized onto the 
surface influences the efficiency of the desired reaction. Gelatine as the main 
component of the immobilization matrix proofed to be a suitable material to set up 
a micropattemed multi functional immobilization matrix. 

Keywords. Immobilization, enzymatic microreaction, oligonucleotide, photo- 
patterning, wetting 



1 Introduction 

The basic experimental approach in biomolecular sciences as well as in 
diagnostics applications is the detection and identification of molecular 
interaction events between a number of certain probe molecules with a number of 
other sample molecules. Since large numbers of various molecules have to be 
assayed at the same time it is most comfortable to set up arrays of libraries of such 
molecules, which is accomplished either in defined vessels, such as micro- or 
nanotiterplates, for libraries in solution or immobilized on beads III, or at defined 
spots on the surface of a suitable carrier material (e.g. Nylon membranes, 
modified glass or Si-Wafers, etc.) for probe molecule libraries beeing immobilized 
directly onto the substrate 111. This second kind of arrays offers the advantage to 
handle the entire array as one single assay, solvents for washing, test samples as 
well as modifying reagents are applied simultaneously to all of the immobilization 
spots, however every single spot remains a two-dimensional reactor, the character 
of the reaction beeing determined by the composition of the immobilized probe. 

In terms to set up such an arrayed solid phase library with library elements beeing 
identified by their position it is necessary on one hand to be able to either 





Figure lChemical composition of gelatine matrix 73/ 
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synthetize the substances in situ or on the other hand to deliver already 
synthetized substances to predetermined spots. 

Usually it is necessary to modify the immobilization matrix in terms to increase or 
decrease the coupling efficiency of the desired molecule or to make the matrix 
accessible or to restrict the access to other kinds of molecules /4/. The state of the 
art is to prepare dedicated matrices. The delivery of substances to chemically 
predefined spots is more favourable than to a uniform surface since crosstalking 
by wetting effects is avoided and a clear boundary is defined. Therefore the ideal 
immobilization matrix should be patterned and chemically approachable. 

Herewith we introduce a novel microstructured support with a comfortable set of 
chemical functions suitable for immobilization of amine-, amide-, carboxy-, 
phosphate- and similar functions containing substances (Figure 1) /5,6/. 



2 Materials and Methods 
2.1Hydrophobilizing of primary surface 

The primary substrates we used were Tempax glass of 5x5 cm and 4 inch silicon 
wafers after ultra sonic purification in aceton and di-water. In order to obtain an 
inert frame for the immobilization spots the entire surface of the substrates was 
covered with an Octadecyl monolayer, the procedure changed the contact angle of 
the substrate against water to about 95° 111. 




Figure 2 - 10x10 reaction spot matrix with 100 immobilized 

DNA probes due to the amphiphillic nature of the matrix 
- polymer drops of liquid remain on the spots, no cross 
talking is observed (scale bar 800 pm) 
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2.2 Photo-patterning of immobilization matrix 

The hydrophobic substrate was spin coated at 3000 rpm with the novel 
immobilization matrix consisting of gelatine (Fluka) as the matrix polymer and 
4,4 '-diazidostilbene-2, 2 '-sulfonic acid (Allresist) as the UV inducible crosslinking 
agent. In order to avoid spoiling of the matrix sodium azide was added to the 
mixture. The resulting homogene spin coated layer of about 100 nm thickness was 
tempered and photo-patterned by UV-exposure at 360 nm through a mask. Since a 
sufficient amount of the amino acid chains is cross-linked due to the 
photochemical cleavage of the diazidostilbene azido functions to a bis-nitrene 
radical the illuminated areas are cross-linked whereas the covered areas remain 
water soluble. 

For the standard enzymatic activity assays we prepared by such means a regular 
arrangement of 100 squares of cross linked gelatine of 800pmx800pm width each 
on the extremely hydrophobic surface (Figure 2). 

The UV-cross linked gelatine has been extensively used as a photoresist in micro 
systems applications. Features as small as 2 pm 2 have been realized using this 
novell resist (data not shown). The resist is thermally stabile up to 200°C and is 
inert in organic solvents, upon exposure to water we believe that the crosslinked 
gelatine is slightly swelling. 

2.3 Immobilization of probe molecules 

Oligonucleotides of 20 bases length with an 5 '-Amino modification have been 
synthetized with an ABI 392 DNA/RNA Synthetizer. The modified 
oligonucleotides were dissolved in 10 mM Phosphate Buffer (pH 8.0) to a final 
concentration of lpM. EDC (N-[3-Dimethylaminopropyl]-N'-ethylcarbodiimide 
hydrochloride) was added dry to the solution in in a ten fold excess, the reaction 
mixture has been applied to the gelatine spots with a Gilson micro pipette in a 
volume of ca. 0.6 pi. The samples were left for 30 minutes at room temperature 
under cover. 

In order to estimate the influence of the density of molecules at the surface to the 
efficiancy of the micro reactions incremental dilution series of the immobilized 
probe oligonucleotides have been performed. l,8-diamino-3,6-dioxaoctan has been 
mixed up with the activated oligonucleotide to an amount of 10%, 20%, 30%, 
40%, 50%, 60%, 70%, 90%. The mix was delivered to the surface by micro 
pipetting. 

Due to the hydrophobic surface priming liquid handling and drop spotting by 
using common micro pipettes showed no problems. 

Oligonucleotide bearing chips produced in the described way have been used to 
monitor reactions relevant in molecular biology, such as hybridization and 
nuclease SI digestion. 
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2.4 Estimating the number of molecules on the surface of the chip 

In order to find out an approximate number of molecules/pm 2 on the chip the 
oligonucleotides to be immobilized have been labeled with radioactive [ 32 P]-a- 
ddATP by Terminal Transferase at the 3 'end. Radioactivity of calibration probes 
was measured with a scintilation counter (Packard), radioctivity on the chip was 
measured by exposing an x-ray film. After development the film was scanned and 
the image analyzed with the 'NIH Image Software. 



3. Results 

3.1 Hybridization 

DNA with complementary sequences to the immobilized oligonucleotides has 
been digested by various restriction endonucleases to yield hybridization samples 
of lengths between 20 and 200 bases. The obtained samples have been dissolved 
in hybridization buffer consisting of 0.1M NaCl and 0.0 1M Na-citrate at an 
concentration of 10 pM. The samples were heated to 90°C and poored over the 
surface of the oligonucleotide bearing chip. The drop was covered by a second 
chip, the sandwich was covered by a petri dish to avoid excessive evaporation. 
After the samples cooled down to room temperature the chips were separated and 
washed thoroughly with hybridization buffer. 

The number of the hybridized sample molecules has been estimated according to 
the approach described before (Figure 3) and has been found to be dependend on 
the density of molecules at the surface. The optimal number of molecules of 20 
bases per pm 2 for hybridization with molecules of 20 to 200 bases length has been 
found to be ca. 70000. 

3.2 Nuclease SI Digestion 

An Oligonucleotide of 20 bases length with 8 bases at 5 'end complementary to 8 
bases at the 3 'end and a radioactiv label at the 3 '-end has been immobilized onto 
the chip. An incremental dilution has been performed with l,8-diamino-3,6- 
dioxaoctane. 20 units of S 1 nuclease were applied to the chip surface in a suitable 
buffer and were covered by a second chip. The sandwich was kept at room 
temperature for 5 minutes, then the chips were separated and put in an 80°C 
water bath. The number of the uncut molecules was estimated by the described 
procedure (Figure 4). 



4 Conclusions 

Hydrophobic surface priming does not interfere with spin-coating of gelatine due 
its amphiphilic nature. Suitable surface treatment (e.g. hydrophobilization with 
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Figure 3 Hybrisation on the Chip 

optimal conditions are achieved with ca. 70% of the spot 

surface covered with probe 
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Figure 4 Nuclease SI digestion of DNA on the chip 
kinetics studies are feasible 
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alkylsilanes) helps to adress patterned spots of gelatine with high precision. It is 
possible to bind a spectrum of suitable linker molecules due to a variety of active 
functional groups of the collagene amino acids in gelatine. 

Gelatine pads bearing spacer-connected oligo nucleotides are a compatible 
environment to carry out hybridization experiments as well as enzymatic 
microreactions. 

For hybridisation and SI digestion seems to exist on optimal density of 
immobilized oligos on the chip. The optimal density of oligonucleotides of 20 
bases per pm 2 for hybridization with sample oligonucleotides of 20 to 200 bases 
length is ca. 70000. 

Photo-patterned gelatine is an ideal immobilization matrix for applications in 
various test assays. 
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Abstract. Coulometric nanotitrators are reported and their applications for 
different types of titrations are described. Detection of the titration endpoints was 
carried out by a potentiometric method. Precipitation, complex-formation, redox 
and acid-base nanotitrations were realized. The results show a linear dependence 
between 10‘ 2 to 10" J M or less of analyte. 

Keywords. Microreaction, titration, coulometry, potentiometric detection 



1 Introduction 

Titration methods for chemical analysis are widely used, but only few significant 
improvements have been achieved in the past years with regard to the 
miniaturisation of titrators. 

The sensor presented in this paper is an integrated chemical sensor and actuator 
system, that is able to determine the concentration of specific analytes by means of 
a coulometric titration. Coulometry is an absolute analysis method and therefore 
the output of the sensor is mainly determined by its dimensions and is not subject 
to changes in offset and sensitivity of the indicator electrode. It is thus expected 
that the sensor will yield stable signals for a long time and that only a one-time 
calibration is needed. Precipitation, complex-formation, redox and acid-base 
titrations can be performed on the basis of the same device. 

The primary aim of the present work was to develop an inexpensive and 
universally applicable device, which gives a fast response and is suited for very 
small sample volumes. In the following, we characterize the nanotitrator device, 
the microfabrication of which was reported earlier [1]. The sample volume (200 
nl) contained in the titration cell and the coulometric method used in this study 
allow a much faster response time (between 2 and 20 s) than other approaches 
based on diffusional microtitration [2] or on a sequential system [3]. In addition, 
the present device does not require the use of ISFETs, as described in [4], which 
significantly reduces the complexity of this nanotitrator. 

1 Presently at Siemens AG, ZT EN 6, Paul-Gossen-Str. 100, D-91050 Erlangen, Germany 
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Fig.l Photograph of the nanotitrator 



2 Design of the Nanotitrator 

Silver coated platinum planar electrodes of different sizes were deposited on a 
silicon substrate. The sample channel was created with a ring of polysiloxane that 
was deposited and patterned by a photopolymerization process [5]. The whole 
channel has a volume of about 1 pi. But as the titration occurs locally, the effective 
sample volume contained in a titration cell consists of only 200 nl of analyte 
solution. 

The constant current technique used in this study makes uses of two coulometric 
electrodes (a generator and a counter electrode) and of two potentiometric 
electrodes (an indicator and a reference electrode). 



Indicator electrode Polysiloxane ring 




Reference electrode + + 

Coulometric electrodes 



Fig. 2 Schematic view of the nanotitrator 
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3 Principles 



3.1 Potentiometric Detection 



A direct potentiometric method was used to detect the titration endpoint. The 
potential is measured between the indicator electrode, located where the titration 
takes place, and the reference electrode placed in the microchannel far from the 
titration cell. Thus we can assume that the reference electrode is not influenced by 
the titrated solution. Both electrodes are made either from silver or from platinum, 
depending on the type of titration. 

Silver is a metal that undergoes reversible oxidation and can therefore be used as 
an indicator electrode for silver ions. The potential E of the electrode is given by 
the Nemst equation: 

E = E° Ag + 0.059V log (Ag + ) 

where E° Ag = 0.799 V and (Ag + ) is the activity of excess, uncomplexed silver ions. 

Potentiometric electrodes for redox titrations were made from platinum. 
Platinum is an inert electrode and does usually not participate in the redox 
chemistry, except as a conductor of electrons and as an indicator of the activity 
ratio of a redox couple. For redox reactions, the potential is therefore given by: 



E = E° 



0.059V , 

log 

z 



(Red) 

W 



where z is the equivalent number of electrons participating in the reaction. 



3.2 Coulometry 

In constant current coulometry, the amount of charge (in coulombs), which is 
needed to convert the analyte to a different chemical state, is measured. The 
primary reagent removed or added at the generator electrode consists of electrons. 
As a result of chemical oxidation or reduction involving these electrons, a 
chemical reagent is generated that reacts quantitatively with the analyte to be 
determined. Because the current is constant, the total amount of reagent generated 
is directly related to the reaction time. 

A fundamental requirement of all coulometric methods is that the species 
determined interact with 100% current efficiency. In this case, for a constant 
current i, the mole number of analyte n a involved in the reaction is given by the 
charge Q divided by Faraday’s constant F and the equivalent number of electrons z 
participating in the reaction. 

Q_ = JL 

zF zF 



n. 
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where t is the reaction time. The analyte concentration is obtained by dividing by 
the volume V : 

_ n a _ lt 

C-_ V"~ zFV 



4 Experimental Section 



4.1 Set-up 

Automation of the experiment led to a better reproducibility. The measuring cycle 
consists of a pumping time, a stabilisation time to allow the solution to be 
stationary, and the titration time where the current is switched on. Then a new 
cycle starts so that the titration is always carried out with a fresh sample. Titrations 
were repeated seven times for each concentration. Electrodes were preconditioned 
during the first two titrations. Results obtained in the following five titrations were 
averaged and a standard deviation was calculated. 

Potentiometric and coulometric electronic circuits have been galvanically 
separated to prevent mutual interference. 



4.2 Precipitation Titrations 

Silver coated potentiometric and coulometric electrodes were used for coulometric 
precipitation titrations. KC1 solutions of different concentrations were titrated 
using 0.1 M KN0 3 as background electrolyte. The titrations were based on the 




Fig. 3 a) Precipitation titration curve and its first derivative; b) KC1 concentration vs 
equivalent time for two currents. 
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precipitation of chloride with electrolytically generated Ag + ions. The reactions at 
the electrode/analyte solution interface are: 

Ag (s) -» Ag + + e 
Ag + + cr AgCl (s) 

Figure 3a illustrates the titration curve for a solution of 10' 4 M KC1. The curve 
and its first derivative show a relatively sharp endpoint, although only about 10‘ 9 
M of analyte is involved in the reaction. Figure 3b indicates that the relationship 
between the equivalent time and the concentration is linear in the studied range. 



4.3 Complex-Formation Titrations 

Silver coated electrodes were also used for this type of titration. Solutions of 
sodium thiosulphate of different concentrations were titrated. 0.1 M KN0 3 was 
also used as background electrolyte. The reactions for a silver electrode in a 
solution containing thiosulphate ions are 

Ag (s) -» Ag + + e 
Ag + + 2S 2 0 3 2 ' — > [Ag(S 2 0 3 )2 f 
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Fig. 4 a) Complex-formation titration curve and its first derivative; b) Na 2 S 2 0 3 
concentration vs equivalent time for two currents. 

Figure 4a shows the titration of a solution of 4x 1 O' 3 M sodium thiosulphate. As 
in the case of the precipitation titration, the equivalent point is reached in a couple 
of seconds. Figure 4b indicates a linear relation between the equivalent time and 
the concentration. 
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4.4 Redox Titrations 

For this type of titrations, platinum electrodes were used. The redox couple Fe(II) / 
Fe(III) was considered as a typical example suited for redox titrations. To prevent 
that hydrolysis of water occurs, an excess of Ce (III) was introduced in the 
solution as electron-transferring reagent. This ion is oxidized at a lower anode 
potential than that for water. 



Ce (III) -> Ce (IV) + e 

The cerium (IV) produced diffuses rapidly from the electrode surface and 
oxidizes an equivalent amount of iron (II) [6]. 

Fe (II) + Ce (IV) -> Fe (III) + Ce (III) 

The overall reaction is finally given by: 

Fe (II) -> Fe (III) + e 

A background electrolyte of 1M sulphuric acid was used. Solutions of FeS0 4 of 
different concentrations were titrated. 
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Fig. 5 a) Redox titration curve for two concentrations of iron sulphate; b) FeS0 4 
concentration vs equivalent time for two currents 



Figure 5a shows the titration curves for two concentrations of iron sulphate, and 
figure 5b documents the linear relation between the equivalent time and the 
concentration. 
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4.5 Acid-Base Titrations 

Since the goal of this project was to develop a simple device, we did not integrate 
an ISFET into the channel for pH measurement. Instead, we used an indirect 
method. As described in [7], the indirect pH determination is based on the 
measurement of the oxidation-reduction potential of quinhydrone. If the sample is 
saturated with quinhydrone, an equimolar mixture of quinone and hydroquinone is 
established. The basic equilibrium for the hydroquinone couple is: 

C 6 H 4 0 2 + 2H + + 2e <-> C 6 H 4 (OH) 2 

This is a reversible redox reaction in which hydrogen ions participate. Acetic 
acid solutions were titrated with a background electrolyte of 0.1 M KN0 3 . 
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Fig. 6 a) Titration curve for 5mM acetic acid and its first derivative; b) Concentration of 
acetic acid vs equivalent time for two currents. 

Figure 6a shows the potential change at the indicator electrode during the 
titration of acetic acid, and figure 6b illustrates the linear relation between the 
equivalent time and the acid concentration. 



5 Conclusion 

The results show that the novel nanotitrator can be applied for precipitation, 
complex-formation, redox and acid-base titrations. For all types of titrations a 
linear relation between equivalent times and concentrations in the range of 1 O' 2 to 
10’ 3 M of the tested solutions was observed. The fast response time, the very small 
sample volume needed for the titration, and the simple structure of the nanotitrator 
make it a valuable and universal device. 
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Abstract 

The catchphrases biotechnology, combinatorial chemistry and high-throughput- 
screening are implementing the need for automation and miniaturization in order 
to handle thousands of different substances within a short limit of time and a 
minimum consumption of valuable biomolecules. Automation and miniaturization 
of chemical and biological reactions like combinatorial synthesis, polymerase 
chain reaction (PCR), or DNA-sequencing require high numbers of one-way tools 
for synthesis, separation and analysis. Such consumables can be microstructured in 
a variety of materials including glass, polymers, metals, and silicon, generating 
structures with high aspect ratios and dimensions in the low pm-range, which in 
the case of polymers can be injection-molded. The present paper describes several 
miniaturized components and integrated systems for the application mentioned 
above. 



1. Introduction 

Combinatorial Chemistry, the new technique, introduced only recently for finding 
new lead structures in pharmacology or for the construction of substance libraries 
[1], raised the need of handling thousands of different substances within short 
times. Therefore not only the synthesis but also the analysis of huge amounts of 
different products has to be done in a reliable way. That means, that in particular 
the different types of analysis have to be carried out at least once, better twice in 
order to get reliable results. It can be shown easily that analysis is the bottleneck of 
combinatorial synthesis, not only from cost aspects but also from the amount of 
substances that have to be tested. 

Here, microreaction technology comes on the scene [2]. It helps to save 
valuable chemicals and resources by applying smaller volumes and by acceleration 
of reactions and thus saving time. Microtechnology enables the creation of a whole 
lab on one chip [3], that means to build up production units in a millimeter scale, 
comparable to their model, the cell. Similar to a cell, they contain modules where 
mixing, reaction, subsequent filtration and separation take place. The most 
important module at the end of the lane is the detection system, which consists of a 
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recognition unit and an analyzer. Cellular reactions need a variety of subsystems 
which can be compared to the components of a microlab like mechanical pumps, 
valves and temperature regulation units [4]. 



2. Synthesis 

2.1 Synthesis of biomolecules with encapsulated microorganisms or enzymes 

A method was developed to obtain a new type of microcapsules for the 
immobilization of a defined amount of biologically active material (e. g. enzymes, 
living cells). The membrane of these capsules consists of several layers of 
polyelectrolyte complexes [5]. Each of these layers can be optimized with regard 
to a special property, for example biocompatibility, permeability or mechanical 
strength. The capsules can be closed or opened reversibly by chemical and 
physical factors. The activity of encapsulated enzymes corresponds to that of 
enzymes in solution. 

Applications for such capsules with optimized shells are the synthesis of 
chemical compounds and biomolecules (encapsulated catalyst or enzyme) or for 
the detection of toxic environmental substances. In Fig. 1 the microcapsules with a 
diameter of 0.4 mm are shown on the left side. By using a special technique [5] the 
microcapsules can be made in a wide range of diameters (0.3 - 1.2 mm) with a 
very small variety in size distribution. Culture media with different metallic ions 
are used to open and close the capsule membranes. A closed membrane can be 
passed by the medium, but not by the product inside the capsule. By changing the 
cation of the medium, the membrane is opened and the product can pass. 




Capsule-msmbrane destroyed 
by osmotic shock 



Figure 1: Synthesis of biomolecules with encapsulated microorganisms 
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The valuability of this method was demonstrated by the encapsulation of several 
enzymes, seaweed, and animal cells. It could be shown that the encapsulated 
material is not damaged during the preparation process of these microspheres. A 
longtime experiment (4 years) with encapsulated seaweeds is still running. 



2.2 Combinatorial Synthesis 

Screening of natural and synthetic compounds for activity as potential therapeutic 
agents is the main source of drug discovery in the pharmaceutical industry, but this 
approach is difficult, slow, and expensive. In recent years there has been a 
renaissance in drug screening based on the synthesis of a large amount of different 
chemical compounds (combinatorial synthesis). Present technologies have some 
limitations in the application of such chemically synthesized libraries. There can 
be intrinsic difficulties in the identification, selection, separation and enrichment of 
active compounds. Microtechnology can overcome these limitations by the 
synthesis and screening of thousands of substances in a highly parallel run and a 
subsequent second screening of the hits of the first test. Microtechnology can be 
used to create new small microtiter plates and an appropriate dispensing system as 
shown in Fig. 2 for an exact liquid handling and positioning. 
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Figure 2: Dispensing system 





2.3 PCR 

The polymerase chain reaction (PCR) is a fascinating method for the specific 
multiplication of DNA fragments. PCR contains the following three process steps: 
denaturation of the DNA, hybridization with two short oligonucleotide primers, 
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and the synthesis of new DNA. Multiple repetition of this process sequence leads 
to an exponential replication of the DNA. There is a strong dependance of the 
resulting amplification on a precise and reproducible temperature control. In 
particular, fast temperature changes between the different process steps lead to a 
high selectivity of the enlargement of the primer. In smaller sample volumes with 
integrated heater/cooler and temperature sensors the reaction temperature and time 
are controlled very precisely. Due to smaller volumes less amount of enzyme is 
necessary. Thus a speed-up of the total process, a reduction of total costs and an 
increase in product quantity and purity is the result. Figure 3 demonstrates the 
enhancement of probes per square centimetre by microstructurization of a thin- 
walled microtiterplate. The material used here is Topas 5014, a new cyclic olefin- 
copolymer available from Hoechst AG with unique characteristics. Due to it's high 
optical transparency and stability towards many solvents combinatorial synthesis 
and subsequent optical analysis of products can be done in the same reaction well. 
For dispensing volumes in the nanoliter range, the dispensing system of Fig. 2 is 
appropriate. 




Figure 3: Miniaturized titerplate with high optical quality made by injection moulding of 
Topas 5014 



3. Separation and Filtration 
3.1. Microstructured filtration unit 

The separation of particles like cells with different sizes or parts of cells by 
filtration is always a difficult problem because the membranes in the standard 
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filtration process suffer from a large pore size distribution resulting in a large 
particle size distribution in the filtrate. 

Figure 4 shows a new type of filtration membranes with uniform pore sizes. In 
contrast to standard filtration systems now a sharp particle size discrimination in 
the filtrate is obtained. The large number of holes in the plate result in a high flow 
rate through the filter, and the high thickness of the membrane (45 pm) leads to a 
high mechanical stability. These filters were manufactured by means of the LIGA 
technique applying a new negative tone resist developed at the IMM [7]. 

It is possible to produce such filters with different pore sizes from a wide 
variety of materials. In the case of blood different types of cells can be separated 
with a special filtration system containing several membranes with miscellaneous 
defined pore sizes. 




Columns: 

Diameter: 3 |im 
Height: SO (im 

Electroforming: 
Material: Nickel 
Height: 45pm 
Surface: unpolished 



Figure 4: Microstructured filtration units with uniform pore size and pore distribution 



3.2. Capillary electrophoresis 

A fast and reliable method for separating biomolecules like DNA and proteins is 
electrophoresis in narrow capillaries (CE). Up to now, most groups dealing with 
CE either used commercially available capillaries made of fused silica with total 
lengths of 40 to 60 cm and inner diameters ranging from 25 to 100 pm or etched 
structures in glass or silicon (p-CE), being expensive, non-recyclable prototypes 
[ 8 ]. 

First polymeric chips were made of PMMA, PC and PE with channel 
dimensions of 50 pm in both width and depth and 75 mm length. We covered the 
whole chip with thin polymeric films of 125 pm thickness in order to prevent 
evaporation. 

The analysis time in such short capillaries is up to 10 times faster than in 
conventional CE [9]. The detection has to be done by some sensitive optical 
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systems (e.g. confocal fluorescence microscopy). Using structures with many 
channels on one chip, the sequence determination of different DNA-probes can be 
highly parallelized (Fig. 5). 
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Figure 5: Scheme of a disposable microstructured CE-Chip 



4. Detection and Analysis 
4.1 Fluorescence microscopy 

The detection method most commonly used is the detection of a certain intensity of 
fluorescence emitted light excited either by a xenon lamp or by a laser [10]. 
Measurement is commonly achieved by focussing the laser beam into a small 
volume and by determination of the fluorescence emission by a CCD camera. 



4.2 Immunosensing with integrated optics 

A very sensitive analyzing unit for biomolecules is the microstructured Mach- 
Zehnder-Interferometer (MZI), shown in Fig. 6 [11]. As an immunosensor, it 
enables the detection of the specific binding of antibodies to their antigen. Here we 
present the analytical capabilities of the integrated Mach-Zehnder Interferometer 
(iMZI) to detect and quantify the specific binding of a receptor protein from 
solution to it's surface-bound ligands with a miniaturized micro-fluid cell 
fabricated from silicon/siliconoxinitride [11]. 

The two branches of the iMZI have an effective length of 12 mm with a SiC >2 
buffer layer on top of the Si substrate of a thickness of 2.5 pm. The active guiding 
structure is made from siliconoxinitride with a layer thickness of 350 nm. Beam 
confinement is achieved by etching a rib into this layer with a width of 2 pm and a 
height of 55 nm. A 2 pm cover of Si0 2 precludes unwanted environmental 
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influences. This layer contains the liquid cell produced by reactive ion etching. A 
PMMA cover slip pressed on top of the chip is sealed with a parafilm mask 
generating two separate channels for the liquid flow. The excitation is done by 
polarized chopped light of a 5 mW HeNe laser (k= 632.8 nm) and the out-coupled 
light is monitored with lock-in techniques. 



sensitive area 
L 




Mach-Zehnder Interferometer 
on silicon 

Figure 6: Waveguide chip layout with integrated Mach-Zehnder Interferometer 

Functionalization of the sensor surface has been done by thin coating to expose 
selected binding sites for the analyte in the aqueous phase passing through the 
fluid channels. Two model reactions have been selected to study the sensor's 
abilities. 

First experiments were done with the biotine-streptavidine system [12]. 
Streptavidin is easily coupled to many molecules through it's carboxy endgroup, 
which is not involved in the recognition and binding reaction [10]. The protein 
monolayer has a thickness of 2.8 nm, measured by surface plasmon resonance and 
a refractive index of 1.45 (refractive index of the waveguide substance 
siliconoxinitride: 1.55). By monitoring the binding of streptavidin to the biotin- 
functionalized self-assembled monolayer, injection of a 10‘ 6 M streptavidin 
solution in 0.5 M NaCl caused a phase shift of 6 n corresponding to a refractive 
index change of 3-10' 3 . Thus the experimentally determined lower limit of the 
sensitivity of the device corresponds to about 2 ng/cm 2 of streptavidin monolayer. 
This sensitivity is at least one order of magnitude better than comparable meas- 
urements with surface plasmon resonance spectroscopy. 

The second test system for immunological application consisted of an 
immobilized bovine serum albumin (BSA) protein kept in a 0.07M phosphate 
buffer containing 0.1 5M NaCl and was used to measure the affinity between BSA 
and immunoglobuline G (IgG) [11]. To determine the selectivity of the system 
only one branch of the sensitive unit was covered with BSA, the second branch 
was treated with a BSA/2,4-D (2,4-dichlorophenoxyacetic acid) conjugate. For 
affinity experiments anti 2,4-D IgG was mixed with fetal calf serum solution. The 
detection limit of competitive assays with various amounts of 2,4-D is around 1 
pg/ml for 2,4-D. The compensation of unspecific protein binding by using both 
branches of the iMZI was successfully demonstrated. This offers the possibility for 
using the iMZI as a sensor in a matrix like blood or urine. 
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5. Conclusion 

Microreaction technology has it's application not only in process technology and 
production of new substances, but also in separation and analysis of huge amounts 
of different biomolecules, created by PCR or by combinatorial synthesis. 
Integrated microsystems with reaction vessels, separation units, and detection 
systems were realized in a highly parallel manner. Such miniaturized systems need 
smaller sample volumes, have a higher precision, and are faster than conventional 
systems. In the future these techniques will reduce the costs for the development of 
new drugs, biological molecules or diagnostic systems. 
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